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ABSTRACT 

In 198 1, the Alaska Department of Fish and Game and the United States Fish 
and Wildlife Service cooperatively initiated new and expanded fishery and 
limnological investigations in Tustumena Lake. These studies were designed to 
characterize sockeye salmon (Oncorhynchus nerka) production in glacially- 
influenced Tustumena Lake, and evaluate the stocking of hatchery-produced 
fingerlings relqtive to wild production. Sockeye salmon fingerlings were first 
released in Tustumena Lake from Crooked Creek Hatchery in 1976, and have 
been stocked almost every year since then. The initial working hypothesis of 
sockeye salmon production in this lake, as in the majority of other sockeye- 
producing lakes, followed the classical approach of the stock-recruitment 
theory. This approach is predicated on density-dependent fry recruitment and 
resultant effects on subsequent stock size under assumed conditions of a stable 
rearing environment. However, changing environmental conditions during lake 
rearing can confound stock-recruitment / density-dependent relationships. For 
example, the broodyear that produced the highest smolt biomass occurred 
during the period of high stocking (- 16 million), but from a lower escapement 
compared to broodyears before and after the broodyear of highest smolt biomass 
when stocking levels were similar. Moreover, wild smolt biomass in Tustumena 
Lake for broodyears 1979- 1988 was not significantly (p > .05) related to the 
number of spawners, and similarly, hatchery smolt biomass (release years 
1980- 1989) was not significantly (p > .05) correlated to the number of 
fingerlings planted. In addition, zooplankton biomass was not significantly 
related to numbers of sockeye juveniles rearing in the fall. These findings are 
inconsistent with unconditional density-dependent sockeye production. 
Furthermore, a preliminary evaluation of the effects of diverse rearing 
environments on age- 1 smolt production during six parent years (1979- 1984), 
when numbers of spawners were relatively consistent, revealed relationships 
characteristic of density-independent production. That is, environmental 
variables (e.g., seasonal precipitation, lake temperature, onset of spring heating) 
accounted for most (84-94%) of the inter-annual variation in wild age- 1 smolt 
production in Tustumena Lake. Thus, sockeye production in Tustumena Lake 
appears to be primarily influenced by environmental variables over the effects of 
fish density; however, there could be subsequent density-dependent effects 
resulting from poor environmental conditions. 



Studies related to sockeye salmon (Oncorhynchus nerka) production in 

Tustumena Lake began with sonar enumeration of adult escapements in 1968. 

During 1968- 199 1 a wide variety of sockeye salmon studies were done in 

Tustumena Lake to evaluate production parameters such as in-lake juvenile 

growth, adult spawner distribution among the major tributaries, and optimum 

escapement levels (Table 1). Sockeye salmon fingerlings were first released in 

Tustumena Lake from Crooked Creek Hatchery in 1976, and with the exception 

of 1977, have been stocked every year since then. In 198 1, the Alaska 

Department of Fish and Game (ADF&G) and the United States Fish and Wildlife 

Service (USF&WS) cooperatively initiated new and expanded fishery and 

lirnnological investigations. These studies were conducted to determine factors 

affecting the capacity of Tustumena Lake to produce sockeye salmon and to 

select an appropriate annual stocking level respective to avoiding negative 

impacts to the natural stock. 

Initially, the working hypothesis of sockeye salmon production in Tustumena 

Lake was that this system operated in a density-dependent fashion where 

fluctuations in smolt production are directly related to sockeye salmon density. 

That is, with density-dependent production, the variability in smolt production 

(juvenile rearing success) is related to density-related responses in freshwater 

trophic levels (Foerster 1944; Johnson 1965; Brocksen et al. 1970; Koenings 

and Burkett 1987; Kyle et al. 1988). However, if juvenile fish density is not 

sufficient to challenge the lirnnetic forage base, trophic-level responses become 

uncoupled from fish production and correlated to environmental variables 

(density-independent). In Tustumena Lake, a preliminary analysis suggests 

that sockeye salmon production is p r i m d y  density-independent as 

environmentally-dependent variables were responsible for 84-94% of the annual 

variation in the production of wild age- 1 smolts during parent years 1979- 1984 

(Koenings et al. 1988). 



Table 1. Descr ip t ion  of sockeye salmon evaluat ion a c t i v i t i e s  conducted on Tustuaena Lake. 

A c t i v i  t v  General desc r ip t ion  

Adult  Sonar Sonar enmerat ion of sockeye 
escapement i n  the Kas i lo f  River. 
Includes sampling of fishwheel 
catches a t  sonar s i t e  f o r  age, 
weight, Length, and sex composition. 
Done annual ly from mid-May t o  
mbd-August. 

Townet Surveys Sampling o f  juveni le  f i s h  f o r  
species composition, size, and 
age i n  Tustunena Lake. One 
t o  three surveys have been done 
dur ing June-October. 

Spawning Ground Ground surveys o f  seven major 
Surveys t r i b u t a r y  streams t o  determine 

d i s t r i b u t i o n  o f  spawners among 
the major t r i b u t a r i e s .  Three 
surveys per t r i b u t a r y  are done 

- dur ing August. 

Egg-Take Col lect ion,  f e r t i l i z a t i o n ,  and 
and Fry incubat ion o f  eggs a t  Crooked 
Stocking Creek Hatchery and the s tock ing 

o f  f i n g e r l i n g s  i n  Bear and Glacier 
F l a t s  Creeks o r  i n  Tustunena Lake. 
Eggs are taken i n  mid-August and 
f ry  a re  released i n  June. 

Stock In-season sampling o f  c o m r c i a l  
Separation sockeye catches i n  Cook I n l e t ,  and 

apportionment o f  the catch t o  
respect ive r i v e r  systems on the 
bas is  o f  scale p a t t e r n  analys is  
and age, weight, and Length 
charac te r i s t i cs .  

A c t i v i t y  General desc r ip t ion  

Smolt The use o f  t raps i n  the Kas i lo f  
Enuneration River t o  capture smolt f o r  out- 

and mig ra t ion  estimates and timing, 
Sampl i ng age-weight-length composition, and 

hatchery con t r ibu t ion  o f  smolts. 
Done from mid-May t o  e a r l y  July. 

Limnology 
Surveys 

Sampling a t  three permanent 
Stat ions i n  Tustunena Lake t o  
measure pr imary and secondary 
p roduc t i v i t y .  Monitor ing o f  
standing crop and species 
composition o f  phytoplankton and 
zooplankton, and measuring para- 
meters such as temperature, 
d isso lved oxygen, a l k a l i n i t y ,  and 
l i g h t  penetrat ion. Sampling once 
each month dur ing May-October. 

Hydroacoustic Est imations o f  j uven i le  sockeye 
Surveys abundance and f i s h  d i s t r i b u t i o n .  

Townet sampling i s  done i n  con- 
junct ion w i th  hydroacoustic 
surveys f o r  i d e n t i f i c a t i o n  and 
sampling o f  targets. One t o  three 
surveys have been done each year. 

Genetic 
Sampling 

Co l lec t ion  o f  muscle, Liver, and 
eye t i s s u e  f o r  gel electrophoresis. 
I d e n t i f i c a t i o n  o f  biochemical genetic 
va r ian ts  among spawning stocks. 

Emergent Fry Sampl i ng o f  emergent sockeye f r y  
Sampling m ig ra t ion  t iming from Glacier 

F la ts  and Bear Creeks. Conducted 
on weekly basis from e a r l y - A p r i l  
t o  mid-June. 



During 198 1- 1986, preliminary fhdings of sockeye salmon investigations 

conducted in Tustumena Lake have been summarized in annual progress 

reports (Van Ray et al. 1983; Tarbox et al. 1984; Flagg et al. 1985, 1986 and 

1987). In addition, results of sockeye salmon investigations supported by the 

Anadromous Fish Conservation Act for the years 1987- 199 1 are presented in 

annual reports (Kyle 1987, 1988a and 1989; Shields and Kyle 1990; Todd and 

Kyle 199 1). The purpose of this report is to 1) provide a description of the 

methods and techniques used to assess sockeye salmon production in 

Tustumena Lake, 2) provide a summary of the results of hatchery releases of 

sockeye salmon fingerlings, including wild and hatchery smolt and adult 

production for the years 198 1 - 199 1 (and pertinent data beforehand), 3) present 

a summary of limnological data collected during 198 1- 199 1 to characterize lake 

productivity, 4) provide a cursory assessment of factors influencing sockeye 

salmon production in Tustumena Lake, 5) present in one document all pertinent 

lake productivity information and data for review by ADF&G and the USF&WS, 

and finally 6) to consider converting the stocking of sockeye fingerlings into 

Tustumena Lake from an applied research activity to an annual production 

project. 

Description of Study Area-- Tustumena Lake (60" 1 O'N, 150" 55'W) lies within 

the boundaries of the Kenai National Wildlife Refuge located on the Kenai 

Peninsula in southcentral Alaska (Figure 1). This lake has a surface area of 

294.5 krn2 (73,942 acres), is approximately 40 km long, 8 krn wide, and is 33 m 

in elevation. The mean depth is 24 m and the maximum depth is 320 m. The 

lake is fed by several clear-water streams and two glacial streams which 

originate in the Harding Icefield. 

The lake is oligotrophic, with a mean May-October total phosphorus (corrected 

for turbidity and inorganic phosphorus) concentration of 3.7 pg/L , a total 

Kjeldahl nitrogen concentration of 155 pg/L, and a chlorophyll a concentration 

of 0.45 pg/L. The lake is turbid (40-48 NTU) with glacial silt and consequently 



TUS TUMENA LAKE 

elevation: 33m 
6 3 volume: 36 ,600  x 1 0  m 

6 2 area: 294.5 x 1 0  m 

maximum depth: 290m 

mean depth: 124m 

bottom contours in meters 

Figure 1. Morphometric map of Tustumena Lake showing the location of limnological 
sample stations (A-C), transects used for hydroacoustic surveys (1-8), and 
the seven major salmon-producing tributaries. 



light penetration is limited to the upper 2 m and the euphotic zone is less than 

1% of the lake's volume. The zooplankton community consists of two copepods, 

Diaptomus pribilofensis and Cyclops columbianus. All five species of Pacific 

salmon are found in the Tustumena Lake system; however, mainly sockeye 

salmon utilize the limnetic area of the lake. Sockeye salmon returning to the 

Tustumena Lake system contribute an average of 30% of the total sockeye 

salmon harvested in the upper Cook Inlet commercial salmon fishery each year. 

Resident fish species include rainbow trout (Oncorhynchus mykiss), lake trout 

(Salvelinus namaycush), Dolly Varden char (Salvelinus malma), threespine 

stickleback (Gasterosteus aculeatus), coastrange and slimy sculpin (Cottus 

aleuticus and cognutus), and round whitefish (Prosopium cylindraceum). 

METHODS 

Egg 'Pakes-- Sockeye salmon eggs have been taken from returning adults at 

Glacier Flats, Bear, and Seepage creeks since 1974. In most years, egg takes 

were conducted at both Glacier Flats and Bear creeks. Each year sockeye 

salmon adults were passed daily through picket weirs at the creeks starting in 

early August until escapement goals were reached (5,000- 10,000 Glacier Flats 

Creek; 25,000 Bear Creek). After achieving the escapement goals in each creek, 

ripe adult sockeye salmon were held at the weirs, and eggs were taken daily for 

approximately 10 days. After fertilization and water hardening, sockeye salmon 

eggs were flown to the Crooked Creek Hatchery located near Kasilof, Alaska and 

seeded in incubators for egg development. The egg take, fecundity sampling, 

and culturing protocol followed procedures outlined in the ADF&G Fish Culture 

Manual (FRED Staff 1983). Policies pertaining to protection of genetic integrity 

of wild stocks were followed (Davis 1985). 

Fingerling Releases and Emergent Fry Sampling-- Hatchery-produced sockeye 

salmon fry were reared 4-6 weeks at the Crooked Creek Hatchery until they 

reached approximately 0.20 g before being stocked as fingerlings in Tustumena 



Lake. Each year, approximately 2% of the stocked fingerlings were marked by 

removal of a ventral fin (right ventral [RV] for the Glacier Flats Creek stock and 

left ventral [LV] for Bear Creek stock) so that the number of hatchery-produced 

smolts and returning adults could be estimated. In 1984 and 1985, mark 

mortality was evaluated by releasing an equal number of fingerlings with an 

adipose clip (control group) and a ventral clip (treated group). In 1984 an equal 

number of fingerlings were marked with a right ventral clip and an adipose clip 

(Glacier Flats Creek stock). In 1985, the experiment was repeated using an 

equal number of fingerlings marked with a left ventral clip and an adipose clip 

(Bear Creek stock). A differential mark mortality factor (DMF) for these 

fingerlings was determined by comparing the number of ventral- and adipose- 

clipped fish that migrated as smolts and returned as adults. 

Sockeye salmon fingerlings were released during mid- June of each year. During 

1976- 1985 respective fingerlings were transported and planted directly in Bear 

Creek and Glacier Flats Creek using a modifled fire-fighting bucket slung from a 

helicopter. Begwning in 1986, a fixed-wing aircraft was used to air-drop 

respective fingerlings near the mouth of each creek. Hatchery fingerlings 

released from Crooked Creek Hatchery and wild fingerlings (caught in the lake 

near the release sites) were sampled for size at time of stocking for comparison. 

Fingerlings were measured from snout-to-fork of tail to the nearest millimeter 

and weighed to the nearest 0.01 g. 

Sampling of emergent sockeye salmon fry entering Tustumena Lake from Bear 

and Glacier Flats creeks was conducted during mid-April until mid- June of 

1988 to determine the timing of peak migration. Weekly sampling was 

accomplished using a small-mesh (0.5 cm) fyke net with 8-m wings attached to 

a live box. All fish captured were enumerated during each sampling period. 

The nets initially sampled the entire volume of both creeks during the period of 

2000-0800 h. However, beginning in late May, the creek discharge and debris 

loading in Bear Creek became excessive and subsampling was conducted. 



Consequently, catches in Bear Creek during the last three sample trips (3 1 May, 

8 June, and 15 June) were expanded according to the proportion of the total 

creek discharge that was subsampled. Catches were converted to catch-per- 

unit-effort and mean weight of emergent fry was recorded to the nearest 0.01 g. 

HydroacoustidTownet Surveys-- Beginning in 198 1 hydroacoustic surveys were 

conducted to assess juvenile sockeye salmon abundance and distribution. 

During 198 1- 1983 surveys were done three times between June and October in 

an effort to estimate mortality over the summer growing season. Beginning in 

1984, the early survey (June) was eliminated because incomplete fry 

recruitment in the -lake prior to this survey made it impossible to accurately 

estimate mortality between this survey and subsequent ones. Because of 

funding restrictions, and finding fry entering the lake after July, only the late- 

September survey was conducted each year beginning in 1988. 

Hydroacoustic surveys comprised of recording data along transects 

perpendicular to the longitudinal axis of the lake (Figure 1). Flashing 

construction lights were placed at both ends of each transect to assist in 

maintaining transect course. Since 1989, LORAN and compass headings were 

used to maintain course. Initially, eight transects were chosen to represent all 

areas and basins of the lake (systematic sampling design). More recently (1990- 

1991), the lake was divided into three equal areas and three transects were 

selected randomly in each area for sampling. Recording of down-looking 

acoustic data along the transects was done at night because juvenile sockeye 

salmon are more evenly dispersed. In the early surveys (1981- 1988), two series 

were conducted such that recording along the transects was done twice (on 

different nights). Since 1989, one series of eight to nine transects was recorded 

for analysis. Transect speed was 2.0-2.6 m/sec with the exception of 1983 

when speeds were increased to evaluate if increased transect speed would 

reduce the variability associated with the length of time (8 hours) required to 



complete a survey series. This technique proved to be inappropriate because of 

significant changes in target resolution and was abandoned. 

The type of hydroacoustic equipment used each year varied as new equipment 

and technology became available. In general, a SimradB EK- 120 echosounder 

with a 9" single-beam transducer and reel-to-reel recorder was used during 

198 1- 1983. Beginning in 1984, a BioSonics 10 1 echosounder with either a 15" 

single-beam or 61 15" dual-beam transducer was used. Since 1988, a BioSonics 

105 echosounder was used. Fish signals were recorded using a digital cassette 

recorder beginning in 1984. With both types of equipment, fish signals were 

also recorded on paper with a compatible chart recorder. 

Analysis of recorded hydroacoustic data was conducted under contract by Dr. 

Richard Thome of BioSonics Inc. (formerly of the University of Washington - 
Fisheries Research Institute) as described by Kyle ( 1990). Fish densities were 

low enough that echo counting techniques (Thorne 1983) could be used. The 

numbers of echoes from fish were counted in 10-rnin increments along 

transects and in 5 depth intervals (2.5-5, 5-9.5, 9.5-15.5, 15.5-27.5, and 27.5- 

38 m). 

Sampling volumes were estimated by the duration-in-beam technique 

(Nunnallee and Mathisen 1972; Nunnallee 1980; Thome 1988). For each depth 

strata and 10-min increment, transect fish densities (no./m3) were summed to 

determine the total areal density (no./m2) of fish for each transect series. Mean 

transect fish densities were weighted by time, since end-of-transect increments 

were usually less than 10 min. A mean areal fish density and an associated 

variance was computed for each transect from the two transect series. If only 

one transect series was conducted, the fish density and variances were 

B Mention of commercial products and trade names does not constitute 

endorsement by ADF&G, FRED Division. 



computed by collapsing adjacent transects into a strata as described by Bazigos 

(1976). 

Fish population estimates were obtained by multiplying the lake area 

representing each transect or collapsed strata by the calculated fish density for 

that respective transect or strata. Transect or strata variances were surnmed 

and a 95% confidence interval for the total fish population estimate was 

calculated for each survey (Thome and Thomas 1982). Finally, fish population 

estimates in the surface to 2.5 m strata (undetected zone in the down-looking 

mode) was estimated by extrapolation of fish densities in the 2.5-5.0 m strata. 

However, during the early and mid-summer surveys of 1983- 1986, data from 

up-looking deployment of the transducer was used to adjust the extrapolated 

fish densities in the surface to 2.5 m depth strata. 

Identification of acoustic targets as to species and cohorts was made using a 

3 x 3 m townet as described by Gjemes (1979). Since 1982, at least one 20- 

min net tow per hydroacoustic transect was directed by the acoustic operators 

to sample specific concentrations of fish targets. Townet catch compositions, 

usually by transect, were used to apportion the total fish population into 

estimates of age-0 and age- 1 sockeye. A 95% confidence interval was calculated 

for age-0 and age- 1 sockeye salmon after Thorne and Thomas (1982). 

Sockeye juveniles collected by townetting in 1983, 1985, 1987, and 1988 were 

analyzed for foregut content. Stomachs of at least 20 juveniles per year were 

preserved in a vial containing 10% neutralized formalin for analysis. The 

stomach contents of each fish were identified, and zooplankton prey were 

measured for body size as described in Koenings et al. (1987). Replicate 

zooplankton samples fi-om lake basin stations were used to calculate the 

electivity index (Ivlev 196 1) to determine the feeding selectivity of juvenile 

sockeye on different taxa of macro-zooplankton. In addition, this index was 



used to determine size-selectivity of the two copopods consumed by juvenile 

sockeye. 

Smolt Ou~gration Estimates and Sampling-- Canadian fan traps (Flagg 1983) 

were used during 198 1- 1984 in the Kasilof River to capture, enumerate, and 

sample sockeye salmon smolts. Beginning in 1985, two types of smolt traps 

were used; in shallow water (< 1 m) Canadian fan traps were used while in 

deeper water (> 1 m) incline-plane traps were operated (Kyle 1983). Live boxes 

were attached to the downstream end of each trap to facilitate enumeration and 

age-weight-length (AWL) sampling. Smolt enumeration and AWL sampling 

commenced each year at the start of the migration in early- to mid-May and 

continued until late-June or early-July. All fish captured by the traps were 

enumerated by species and released daily. In addition, approximately 2,000 

smolts were examined each day for hatchery fin clips, and 20 smolts per day 

were anesthetized in an MS-222 solution, for measurements of snout-to-fork 

length (nearest millimeter) and weight (nearest 0.1 g). A scale smear was taken 

from each of the 20 smolts sampled each day to determine age. Mean lengths 

and weights for each age group were weighted by multiplying the subsample 

length and weight for each sampling period (week) by the number of smolts 

outmigrating during the sampling period, summing all products, and ilnally 

dividing by the total population estimate of each age class. 

Population estimates of the number of sockeye salmon smolts migrating fi-om 

Tustumena Lake each year were made using weekly trap efficiencies determined 

through a mark-and-recapture procedure (Rawson 1984). Briefly, the procedure 

involved staining 500 smolts each week of the migration with Bismark Brown 

dye solution (1 g/30 L water) and releasing them approximately 2 km upstream 

of the smolt traps. Weekly migrations were estimated from the recovery of 

stained smolts to determine trap catch efficiency. The percentage of the total 

migration comprised of age- 1 and age-2 smolts was estimated for each weekly 

period using scales obtained from samples collected that week. This percentage 



was then applied to the estimated total smolt migration for the weekly period to 

obtain estimates of the number of migrating smolts for each age class (Flagg et 

al. 1984). 

The number of hatchery-produced sockeye salmon smolts migrating each year 

was e~timated~from the proportion of marked-to-unmarked smolts recovered 

during sampling, and the expansion of the recovered marked smolts by the 

percentage marked for that respective release year (Reed 198 1). In addition, the 

number of hatchery smolts produced each year was adjusted by a 1.5 

differential mark mortality factor (DMF), determined as previously described. 

Adult Returns, Spawner Surveys, and Adult Sampling-- Since 1968, sonar 

equipment has been used on the north and south banks of the Kasilof River to 

estimate the total number of adult sockeye salmon migrating into Tustumena 

Lake. Usually the sonar units were installed the first week of July and removed 

by mid-August of each year. Estimation of the number of adult sockeye salmon 

migrating before and after deployment of the sonar units were extrapolated from 

daily escapement proportions during years when the sonar gear was operating 

earlier and later than other years. Procedures for deployment, operation, and 

calibration of the side-scanning sonar equipment are summarized in Tarbox et 

al. (1983). 

Fishwheels and sometimes beach seines or drift gillnets were used to determine 

the salmon species composition of sonar counts, and to obtain size and age 

samples of returning sockeye salmon. Species apportionment of sonar counts 

were grouped into samples of at least 150 salmon. The daily sonar count was 

multiplied by the proportion of adult sockeye in the catch to obtain the 

estimated sonar count. 

The total commercial harvest of Tustumena Lake sockeye salmon in the mixed- 

fishery of Cook Inlet was determined by linear discriminant analysis of scale 



patterns combined with age composition and size data (Cross et al. 1987). 

Escapement samples provided scales of known origin to construct linear 

discriminant functions. Sockeye salmon scales from commercial catches 

throughout the fishery were classifled with discriminant functions to estimate 

the contribution by age groups of sockeye salmon bound for Tustumena Lake. 

Since 1987, harvest of sockeye salmon bound for Tustumena Lake was based 

on age-component analysis without using linear discriminant analysis (Dave 

Waltemyer' pers. cornm.). 

Harvests of Tustumena Lake sockeye salmon in the dipnet and gillnet personal- 

use fisheries were estimated from creel estimates and on-site monitoring of 

catches, respectively. Sport harvest of Tustumena Lake sockeye was obtained 

from the statewide harvest survey. 

The relative distribution of spawning adult sockeye salmon among the major 

tributaries of Tustumena Lake was determined each year by utilizing a 

combination of weirs, ground surveys, and aerial surveys. As previously 

mentioned, weirs were operated annually on Glacier Flats and Bear creeks. 

Ground surveys were also conducted at Glacier Flats and Bear creeks each year 

after the weirs were installed to determine upstream escapement. Peak sockeye 

salmon counts on the other major spawning tributaries (Moose, Seepage, 

Crystal, Clear, and Nikolai creeks) were conducted annually by ground or aerial 

surveys. During most years, three ground surveys were conducted on each 

tributary during the peak of migration (early-mid August). Ground surveys 

required at least two observers; one for counting live fish and one for counting 

dead fish. Due to the range of spawning in Nikolai Creek (>20 km), aerial 

surveys (helicopter) were conducted to obtain peak counts. Spawners in a 

measured section of Nikolai Creek were simultaneously aerial surveyed and 

counted by a ground survey to calibrate the aerial counts. 

'ADF&G, 34828 K-B Road, Soldotna, AK 99669. 



Age compositions of sockeye salmon returning to Glacier Flats and Bear creeks 

were determined by aging otoliths. Each year a total of 100-500 fish were 

sampled from each creek during operation of the weirs. In addition, these 

sockeye salmon were measured for mean weight (nearest 0.1 kg) and mideye-to- 

fork length (nearest 0.5 cm). 

During 1986- 1988, 60 sockeye salmon were sampled each year from the major 

tributaries for identifying biochemical genetic variants among the spawning 

stocks. The intent of this sampling was to determine if there was significant 

variation in allelic frequencies to indicate stock heterogeneity. Earlier testing 

indicated no significant genetic variation among sockeye salmon stocks of 

Tustumena Lake (Grant et al. 1980). Samples of eye, muscle, and liver tissue 

were collected from sockeye salmon spawners and frozen for analysis. In 1986 

and 1987, samples were collected by ADF&G personnel and sent to the ADF&G 

Genetic Laboratory in Anchorage. In 1988, samples were collected by USF&WS 

and ADF&G personnel, and the samples were forwarded to the USF&WS 

Genetic Laboratory in Anchorage. The 1986 samples spoiled due to an 

undetected failure of a freezer and consequently were not analyzed. However, 

both the 1987 and 1988 samples were analyzed by the USF&WS laboratory in 

Anchorage. 

Horizontal gel electrophoresis as outlined by Utter et al. (1974) was used to 

detect protein variants of the genetic samples. Detailed analytical and 

statistical procedures can be obtained from the USF&WS Genetic Laboratory in 

Anchorage (Dick wilmot2 pers. comm.). However, in general, banding patterns 

on the starch gel reflect allelic products with differences being detected by their 

mobility. The genetic nature of the variants (hetero vs homogeneity) are inferred 

from the observed banding patterns. 

2 ~ S ~ & W S ,  10 1 1 E. Tutor, Anchorage, AK 99503. 



Finally, adult sockeye salmon (1,00O/day) were examined for missing fins at 

each of the weirs located on Glacier Flats and Bear creeks. Usually, between 

10,000-20,000 sockeye salmon were examined annually for hatchery fin clips at 

each weir site. The marked-to-unmarked ratio was recorded and the original 

brood-year marking level was incorporated in the expansion of recovered 

marked adults, to estimate the number of hatchery-produced adults. In 

addition, a 1.5 differential mark mortality factor (DMF) was calculated for 

returning adults returning from the mark-mortality experiment conducted on 

hatchery fingerlings released with ventral- and adipose-clipped fins in 1984 and 

1985. The same estimated percentage of hatchery-produced fish contributing to 

the escapement was applied to the estimated harvest of Tustumena Lake 

sockeye salmon in the commercial, sport, and personal-use fisheries. The total 

number of hatchery-produced fish in the total return was the summation of 

hatchery-produced fish estimated in the escapement and the commercial, sport, 

and personal-use fisheries. In 1990 and 199 1, the estimation of the 

contribution of adults returning to Tustumena Lake was based on the 

contribution of respective hatchery smolts migrating the system. This was done 

because it is believed that the aerial stocking of fiy in the lake has caused a 

higher percentage of straying, especially of Bear Creek stock straying into 

Glacier Flats Creek, and the probable increase in lake spawning of hatchery- 

released fish. 

Limnolo@cal Surveys-- Lirnnological sampling in Tustumena Lake was 

conducted at three stations to characterize the three lake basins (Figure 1) at 3- 

week intervals during the ice-free period. Lake temperatures and dissolved 

oxygen (DO) were measured at the three stations using a YSI model 57 

temperature/dissolved oxygen meter. The algal light compensation point 

(euphotic zone depth) defined as the depth at which 1% of the subsurface light 

(400-700 nm) is available for photosynthesis (Schindler 1971), was determined 

using a Protomatic submersible photometer. Light measurements were taken at 

0.25-m increments from the surface to 3 m, and a temperature/dissolved 



oxygen profile was taken at 1-2 m intervals from the surface to 50 m. Summer 

heat budgets were calculated for each rearing year after Koenings et al. (1987), 

and used to quantify the onset of spring, the seasonal mean water temperature, 

and date of maximum heating. 

Both the epiliqmetic and mid-hypolirnnetic zones were sampled for algal 

nutrients (e.g., nitrogen, phosphorus, silicon, and carbon) and other water 

quality characteristics. All chemical and biological samples were analyzed 

according to procedures detailed in (Koenings et al. 1987). Briefly, alkalinity 

was determined by sulfuric acid (0.02 N) titration, and pH was measured using 

an Orion model 399A ionanalyzer. Filterable reactive phosphorus (FRP) was 

analyzed by the molybdate blue-ascorbic acid method of Murphy and Riley 

(1962) as modified by Eisenreich et al. (1975). Total phosphorus was 

determined by the FRP procedure after persulfate digestion. Nitrate and nitrite 

(NO,+NO,) were determined as nitrite, following the cadmium reduction of 

nitrate, and total ammonia was determined using the phenylhypochlorite 

procedure after Stainton et al. (1977). Total Kjeldahl nitrogen (TKN) was 

determined as total ammonia following sulfuric acid block digestion (Crowther et 

al. 1980). Finally, reactive silicon was determined using the ascorbic acid 

reduction to molybdenum-blue after Stainton et al. (1977). 

Primary production (algal standing crop) was estimated by determining 

concentrations of the algal pigment chlorophyll a (chl a) using the fluorometric 

procedure of Strickland and Parsons (1972). The low-strength acid method 

recommended by Reimann (1978) was used to estimate phaeophytin. Nutrient 

and chl a samples (1-2 L) were filtered through 4.2-cm GF/F filters to which 1- 

2 mL of saturated MgCO, was added. Filters were stored frozen in plexiglass 

petrislides until analyzed. 

Zooplankton were enumerated from duplicate 50-m vertical tows using a 0.5-m 

diameter (153-ym mesh) conical net. The net was pulled at a constant 1 m/s,  



and all organisms were preserved in a 10% neutralized formalin solution. 

Zooplankton were counted, using a dissecting microscope, from triplicate 1-mL 

subsamples taken with a Hensen-Stempel pipette, and placed in a 1-mL 

Sedgewick-Rafter cell. Copepods, the only taxa of zooplankton present in 

Tustumena Lake, were identified after Wilson (1959) and Yeatman (1959). 

Finally, zooplapkton body sizes were obtained by measuring the length to the 

nearest 0.01 mm of at least 10 individuals along a transect in each 1-mL 

subsample (Koenings et al. 1987). 

RESULTS AND DISCUSSION 

Egg 'Pakes-- During 1974- 199 1, over 280 million eggs were taken from 

Tustumena Lake sockeye (Table 2) to support stocking projects in Tustumena 

Lake and lower Cook Inlet lakes. Approximately 164 million were taken from 

Glacier Flats Creek, 115 million from Bear Creek, and nearly one million from 

Seepage Creek. The largest egg take occurred in 1985 (23.7 million) while the 

smallest (300,000) occurred in 1974. The average number of eggs taken at 

Glacier Flats Creek each year was 9.7 million and at Bear Creek was 

8.2 million. The fecundity of Tustumena Lake sockeye salmon ranged from 

2,99 1 to 3,7 10 eggs per female and averaged 3,27 1 (Table 3). In addition, the 

difference in mean fecundity of sockeye salmon from Bear Creek (3,158) and 

Glacier Flats Creek (3,358) was slight (6%). 

Nngerling Releases and Emergent Fry Sampling-- During 1976- 199 1, a total of 

nearly 143 million sockeye salmon fingerlings were released from the Crooked 

Creek Hatchery into Tustumena Lake (Table 4). Of these, 86 million fingerlings 

were Glacier Flats Creek stock and 57 million were Bear Creek stock. Of the 

total number of fingerlings released, 2.4% or approximately 3.3 million were 

marked by a ventral or adipose fin clip. The number of fingerlings stocked in 

Tustumena Lake ranged from 400,000 in 1978 to 17 million in 1984. The mean 

size of hatchery fingerlings at the time of release ranged from 25-30 mm in 



Table 2. Sumnary of sockeye salmon eggs taken from Tustunena Lake, 

1974-1991. 

Tributary 

Brood 

year Glacier F lats  Seepage Creek Bear Creek Total eggs 

1979 3,600,000 - - - 3,500,000 7,100,000 

1980 6,400,000 - - - 10,000,000 16,400,000 

1981 10,200,000 - - - 10,200,000 20,400,000 

1982 10,200,000 - - - 10,300,000 20,500,000 

1983 10,200,000 - - - 10,200,000 20,400,000 

1984 10,200,000 - - - 10,200,000 20,400,000 

1985 14,500,000 - - - 9,200,000 23,700,000 

1986 13,100,000 - - -  9,100,000 22,200,000 

1987 13,441,000 - - - 7,572,000 21,013,000 

1988 19,400,000 - - - - - -  19,400,000 

1989 16,470,000 - - - - - - 16,470,000 

1990 7,185,000 - - - 7,625,000 14,810,000 

1991 - - - - - -  17,700,000 17,700,000 

Total 164,156,000 777,000 115,280,000 280,213,000 

Mean 9,656,235 8,234,286 15,567,389 



Table 3. Annual mean fecundi ty  f o r  sockeye salmon stocks 

used f o r  enhancement a t  Tustunena Lake, 

1975-1988. 

Sample Mean 

year Stock fecundi ty  

Glacier F l a t s  Creek 

Glacier F l a t s  Creek 

Bear Creek 

Seepage Creek 

Glacier F l a t s  Creek 

Glacier F la ts  Creek 

Bear Creek 

Glacier F l a t s  Creek 

Bear Creek 

Glacier F la ts  Creek 

Bear Creek 

N.A. 

N.A. 

Glacier F l a t s  Creek 

Bear Creek 

Glacier F la ts  Creek 

Bear Creek 

Glacier F la ts  Creek 

Bear Creek 

Glacier F la ts  Creek 

Bear Creek 

Glacier FLats Creek 

Bear Creek 

Glacier F la ts  Creek 

Bear Creek 

Glac ier  F la ts  Creek 

Bear Creek 

Glac ier  F la ts  Creek 

Overa l l  

means 

Glacier F l a t s  Creek 

Bear Creek 

A11 stocks combined 

\a No fecundi ty  measurements taken a f t e r  1988. 



Table 4 .  Sumnary o f  sockeye salmon f inger l i ngs  released i n t o  Tustunena Lake from Crooked Creek Hatchery, 

1976-1991. 

 lacier F la ts  Creek Bear Creek To ta l  

Release Number Number Percent Number Number Percent Nunber Nunber Percent 

year stocked marked \a marked stocked marked \b marked stocked marked marked 

To ta l  86,005,239 1,931,856 1.85 56,659,708 1,411,483 2.35 

\a Right  ven t ra l  c l i p ,  unless noted otherwise. 

\b L e f t  ven t ra l  c l i p ,  unless noted otherwise 

\c Adipose c l i p .  



length and 0.13-0.23 g in weight, while wild fingerlings sampled in the lake near 

the release sites at the time of stocking ranged in size from 26-28 rnrn and 0.10- 

0.24 g (Table 5). 

The summary of catches and mean sizes (weights) of emergent sockeye salmon 

fry migrating into Tustumena Lake from Bear and Glacier Flats Creeks in 1988 

is presented in Table 6. Catch-per-unit-effort (CPUE) i.e., the catch-per-hour, 

ranged from 42-6,820 at Bear Creek and 8-55 at Glacier Flats Creek. Migrating 

emergent fry at Glacier Flats Creek were not sampled as frequently as at Bear 

Creek; however, considering similar parent-year escapements at both creeks in 

1987, the relatively low CPUE for emergent fry at Glacier Flats Creek during the 

sampling period suggests a lower fry survival, and/or an earlier migration 

timing. Mean weights of emergent sockeye salmon fry migrating from Bear 

Creek in 1988 ranged between 0.13-0.16 g. Smaller-sized fry were caught after 

3 1 May at Bear Creek, possibly a result of a later spawning group of adults. 

The mean size of emergent fry sampled at Glacier Flats Creek were larger than 

fry at Bear Creek as their mean weight ranged from 0.15-0.20 g. 

Finally, during the 1988 emergent fry sampling, the timing of peak migration 

(CPUE) in both creeks appeared to be similar. The peak CPUE occurred about 

10 May for both creeks, and a second smaller peak occurred about 25 May for 

fry migrating from Bear Creek (Figure 2). The peak migration for fry in Bear 

Creek coincided with a dramatic increase in creek temperature from about 4" C 

to 7" C (Figure 2A). Water temperature ranged from 0-7" C in Bear Creek during 

the sampling period. At Glacier Flats Creek the water temperature fluctuated 

less (3-6" C) than in Bear Creek (Figure 2B), and although peak fiy migration 

occurred as the temperature was increasing, it did not occur when the water 

temperature was the highest. 



Table 5. Comparison o f  the mean s ize  o f  hatchery-reared 

sockeye salmon f inger l i ngs  a t  t ime o f  release w i th  
u i  l d  f i n g e r l i n g s  co l lec ted  i n  Tustunena Lake f o r  

brood years 1979-1990. 

Brood Weight Fork Length 
year Reiease date Stock (g) (mn) 

1979 12-13 Jun 1980 Bear Creek 0.22 29 

Glacier F la ts  0.22 29 

Wi ld  0.14 28 

1980 16-18 Jun 1981 Bear Creek 0.21 29 

Glacier F la ts  0.21 29 
W i  l d  0.15 28 

1981 14-18 Jun 1982 Bear Creek 0.21 28 

Glacier F la ts  0.21 28 
Wi ld  - - - - 

1982 13-17 Jun 1983 Bear Creek 0.22 29 

Glac ier  F la ts  0.21 28 

W i  l d  0.16 27 

1983 18-21 Jun 1984 Bear Creek 0.22 29 

Glacier F la ts  0.23 30 
W i  t d  0.16 27 

1984 17-18 Jun 1985 Bear Creek 0.13 26 

Glacier F la ts  0.13 25 
Wi ld  0.24 28 

1985 24-25 Jun 1986 Bear Creek 0.20 - - 
Glacier F la ts  0.21 - - 
Wi ld  0.10 28 

1986 16-17 Jun 1987 Bear Creek 0.19 27 

Glacier F la ts  0.16 27 
Wi ld  0.14 26 

1987 22 Jun 1988 Bear Creek 0.28 - - 
Glacier F la ts  0.23 - - 
Wi ld  0.16 - - 

1988 19 June 1989 Glacier F la ts  0.21 27 

Wi ld  0.15 29 

1989 13 June 1990 Glacier F la ts  0.23 - - 
U i  l d  0.09 27 

1990 18-20 Jun 1991 Glacier F la ts  0.23 - - 
U i  l d  0.12 26 



Table 6. S m r y  of catches and mean s izes o f  emergent sockeye salmon 

f r y  migrat ing i n t o  T u s t w n a  Lake from Bear and Glac ier  F la ts  

Creeks, 1988. 

Sample Sample Sample Nuher  f r y  Mean f r y  

year per iod Location caught CPUE ueight  (g) 

12 Apr 2000-0800 Bear Creek 502 42 0.15 

19 Apr 2000-0800 Bear Creek 1,619 135 0.15 

27 Apr 2000-0800 Bear Creek 1,526 127 0.15 

28 Apr 2000-0800 Bear Creek 2,118 177 0.15 

03 May 2000-0800 Bear Creek 1,063 89 0.15 

04 May 2100-0200 Bear Creek 1,237 103 0.14 

10 May 2100-2030 Bear Creek 63 

2130-2230 732 
0000- 1000 

} 0.15 

6,820 6,820 
Total 7,615 3,046 

16 May 2100-0200 Bear Creek 2,314 463 0.16 

23 May 2100-0200 Bear Creek 9,206 1,650 0.13 

31 May 2030-0300 Bear Creek 10,712 1,648 0.14 

08 Jun 2000-0800 Bear Creek 5,200 433 0.14 

15 Jun 2100-0800 Bear Creek 299 27 0.14 

20 Apr 2000-0800 Glac ier  F la ts  142 12 0.15 

09 May 2000-0800 Glac ier  F la ts  65 5 55 0.17 

17 May 2100-0700 Glac ier  F la ts  114 11 0.20 

24 May 2100-0700 Glac ier  F la ts  72 8 0.16 
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F i g u r e  2. M i g r a t i o n  t i m i n g  o f  e m e r g e n t  sockeye  salmon 
f r y  e n t e r i n g  Tustumena Lake f rom Bear  Creek  
( A )  and G l a c i a l  F l a t s  Creek  ( B )  , 1 9 8 8 .  



Juvenile Sockeye Salmon Population Estimates and Distributions, Sizes, and 

Age Structure- Lirnnetic population estimates of juvenile sockeye salmon 

rearing in Tustumena Lake based on hydroacoustic/townet surveys during 

198 1 - 199 1 are summarized in Table 7. Total population estimates of juvenile 

sockeye salmon during the early season surveys (June-early July) ranged 

between 15-25 million, during the middle season surveys (late July-mid August) 

between 9-46 rhlion, and during the late season surveys (September) between 

7-28 million. In some years, the fall estimate was nearly as large as an earlier 

survey, and in 1987, the population estimate in the fall survey was larger than 

the July survey, indicating incomplete recruitment of juveniles to the limnetic 

area of the lake by July. The population estimate of age-0 juvenile sockeye 

salmon for all surveys ranged between 6-42 million and for age- 1 from < 1 to 

13 million. Since 1986, the population estimate of juvenile sockeye in the fall 

(September) has been relatively consistent, ranging from 13.2 to 18.4 million. 

The horizontal distribution (percent relative density by transect) of juvenile 

sockeye salmon for the late June-early July surveys of 198 1- 1983 indicate an 

increasing number of fish from transects 1 to 8 (Figure 3), or from the upper to 

lower part of Tustumena Lake (Figure 1). Overall, the relative fish density as a 

percentage of the total for the late June-early July surveys ranged from an 

average of 2% at transect 1 to 26% at transect 7. During the late July-mid 

August surveys of 198 1- 1987, juvenile sockeye salmon appeared more dispersed 

throughout the lake (Figure 4). The relative fish density as a percentage for 

these surveys ranged from an average of 5% at transect 8 to 16% at transect 5. 

Excluding transect 8, the relative fish density as a percentage was relatively 

equal among the transects, averaging between 12- 16%, with the greatest 

average densities at transects 4 and 5 near limnological Station B (Figure 1). 

Finally, during the September surveys, relative fish densities by transect 

indicated a wide dispersion of fish throughout the lake (Figure 5). Relative fish 

densities for these surveys ranged from an average of 9% at transect 8 to 17% 



, Table 7. Sunnary of  hydroacoustic surveys and juveni le  sockeye salmon 
populat ion estimates i n  Tustunena Lake during 1981-1991. 

Juveni Le sockeye populat ion estimates (mi 1 Lions) 

Survey Survey 

year date Age-0 C.I. \a Age-1 C.I. \a Total C.I. \a 

1981 02-05Jun - -  - - - - - - 14.7 1.97 

28 Jun-01 Ju l  - -  - - - - - - 25.0 6.82 
21-23 Sep 6.3 - -  0.45 - -  6.8 - -  

1982 28 Jun-04 Ju l  10.6 3.04 4.9 1.27 15.5 3.92 

26-29 Jul  17.0 - -  2.2 - -  19.2 - -  
27 Sep-01 Oct 10.0 - -  1.1 - -  11.1 - - 

1983 08-11 Ju l  23.6 - -  1.4 - -  25.0 - -  
10-16 Aug 22.0 8.10 2.4 1.30 24.4 10.00 
26-29 Sep 20.8 7.00 3.9 2.60 24.7 8.40 

1984 30 Jul-03 Aug 26.9 - -  3.4 - -  30.3 - -  
25-27 Sep 19.4 8.00 3.9 2.00 23.3 6.77 

1985 24 Jul-06 Aug 42.0 14.40 4.2 1.50 46.2 15.90 
20 Sep-03 Oct 23.8 8.50 4.5 2.00 28.3 12-50 

1986 24 Jul-03 Aug 14.6 4.40 13.0 4.00 27.6 8.40 

22-24 Sep 9.6 1.70 6.9 1.30 16.5 3.00 

1987 27-28 Jul  6.5 - -  2.3 - -  8.8 4.30 
28 Sep-01 Oct 9.8 - -  3.4 - -  13.2 1.60 

1988 22-25 Sep 11.6 2.10 3.5 0.70 15.1 2.80 

1989 13-14 Sep 12.0 - -  4.6 - -  16.6 - -  

1990 25-27 Sep 14.7 - -  3.7 - -  18.4 - -  

1991 25 - Sep 12.4 - -  2.9 - -  15.3 - -  

\a +/-95% confidence in te rva l .  

- -  Populat ion estimates o f  these age classes and/or these confidence 

in te rva ls  have not been f ina l i zed .  



15 DENSITY (%) 

TRANSECT NO. 

F i g u r e  3. R e l a t i v e  d e n s i t y  o f  j u v e n i l e  sockeye salmon by  t r a n s e c t  f o r  
1981-1983 h y d r o a c o u s t i c  su rveys  conducted d u r i n g  l a t e  J u n e - e a r l y  
J u l y  i n  Tustumena Lake. 



SURVEYYEAR 

Figure 4. Relative density of juvenile sockeye salmon by t ransect  f o r  
1981-1987 hydroacoustic surveys conducted during l a t e  July-August 
in Tustumena Lake. 



15 DENSITY (%) 

SURVEY YEAR 

TRANSECT NO. 

F igu re  5. R e l a t i v e  d e n s i t y  o f  j u v e n i l e  sockeye salmon by t r a n s e c t  f o r  
1981-1990 hydroacous t i c  surveys conducted d u r i n g  September i n  
Tustumena Lake. 



at transect 6. Similar to the late July-mid August surveys, higher average fish 

densities were found at transects 5 and 6 (near Station B), and at transect 7. 

Comparison of the vertical distribution of juvenile sockeye salmon (percent 

relative density by depth interval) for the July and September surveys (1983- 

1990) indicated a deeper distribution of fish during September (Figure 6). 

During the JUG surveys, the vertical distribution was quite consistent each year 

(Figure 6A), with >70% of the fish density near the surface in the 2.5-5 m depth 

interval. Relative fish densities in the 2.5-5 m depth interval during the 

September surveys ranged between 25-50% (Figure 6B). The decrease in the 

percentage of fish in the upper depth interval during the September surveys 

suggests that juvenile sockeye salmon are distributed deeper during a shorter 

photoperiod. This was further supported by the results of replicated runs of a 

transect during the day and night in September of 198 1 when larger 

concentrations of fish were found near the surface during the day (Thorne and 

Thomas 198 1). This die1 distribution pattern is atypical for sockeye salmon 

(Narver 1970; Eggers 1978; Levy 1987; Kyle 1988b) and may be the affect of 

limited light on the feeding behavior of sockeye salmon in glacial lakes. 

The mean sizes of age-0 sockeye salmon fingerlings captured by townet during 

the September surveys ( 1980- 199 1) ranged between 50-6 1 rnm and 1.3-2.5 g, 
and averaged 56 rnrn and 1.9 g (Table 8). Age- 1 fingerling sockeye salmon 

ranged in size between 73-80 mrn and 4.1-5.8 g, and averaged 76 mrn and 

4.8 g. The coefficients of variation for the mean sizes of juvenile sockeye salmon 

rearing in Tustumena Lake during the fall of 1980- 199 1 were less than 0.20. 

The total estimated biomass of juvenile sockeye salmon rearing in Tustumena 

Lake during the fall of 198 1- 199 1 ranged between 12,000-75,000 kg and 

averaged 43,950 kg (Table 9). Of the total mean fingerling biomass, 27,200 kg 

(62% of the total) and 16,750 kg (38% of the total) comprised of age-0 and age- 1 

fingerlings, respectively. 



DEPTH INTERVAL (M) 

DEPTH INTERVAL (M) 

Figure 6. Relative density of juvenile sockeye salmon 
by depth interval for 1983-1990 hydroacoustic 
surveys conducted during July (A) and 
September ( B )  in Tustumena Lake. 



Table 8. Mean sizes of juvenile sockeye salmon (age-0 and age-1) rearing in Tustunena Lake 

during September, 1980-1991. 

Age- 1 

Mean Mean Mean Mean 

length weight Sample length weight Sample 

Sample date (mn) S - D .  (g) S.D. size (mn) S.D. (g)  S.O. size 

19-23 Sep 1981 55 5.1 1.6 0.4 197 73 4.6 3.8 0.7 21 

27 Sep-01 Oct 1982 54 5.1 1.8 0.5 194 74 3.9 4.6 0.9 17 

18 Sep-04 Oct 1984 61 4.6 2.5 0.6 388 79 3.7 5.3 0.8 186 

18 Sep-03 Oct 1985 56 5.6 2.1 0.6 173 78 5.0 5.6 1.2 52 

22-25 Sep 1986 50 6.4 1.3 0.5 156 73 4.5 4.1 0.7 92 

22-25 Sep 1988 55 5.3 1.8 0.5 303 75 3.6 4.5 0.6 89 

13-14 Sep 1989 52 5.7 1.9 0.6 47 74 4.6 5.1 0.9 18 

25-27Sep1990 57 5.5 1.5 0.4 200 75 2.9 3.4 0.5 50 

25 Sep 1991 57 5.4 2.0 0.5 202 78 6.5 5.1 1.2 47 

Mean 56 1.9 76 4.8 

Coefficient of 

variation 0.05 0.19 



Table 9. Estimated biomass of juvenile (age-0 and age-1) sockeye salmon rearing 

in Tustunena Lake during September, 1981-1991. 

Age-0 Age- 1 Total 

estimated 
Estimated Mean Estimated Estimated Mean Estimated juvenile 

Rearing nunber weight biomass number weight biomass biomass 

year (millions) (g) (kg) (millions) (g) (kg) (kg) 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

Mean 



Smolt Outmigration Estimates, Sizes, Age Structure, Hatchery Contribution, 

and Hatchery Fingerling-to-Smolt S U M - -  The initiation of the sockeye 

salmon smolt migration (> 1,000 smolts/day) and the 50% midpoint of the 

migration varied by two weeks or less during 198 1- 199 1 (Table 10). The earliest 

date of initiation of smolting was 13 May 198 1, and the earliest midpoint of the 

migration was 28 May 1984. The latest date of initiation of migration was 

26 May 1983, 'knd the latest midpoint of the migration was 15 June 1985. The 

mean date of the midpoint of the smolt migration during 198 1 - 199 1 was 08 

June. 

The estimated number of sockeye salmon srnolts migrating from Tustumena 

Lake during 198 1 - 199 1 varied from a low of 2.3 million to as high as 

16.6 million-; and averaged 7.4 million (Table 1 1). Of the 7.4 million average 

number of sockeye salmon smolts produced, 5.0 million (68%) and 2.4 million 

(32%) comprised of age- 1 and age-2 smolts, respectively. During 198 1 - 1986, 

the age composition of age- 1 smolts was relatively consistent (70-84%); however, 

since 1987 the composition of age- 1 smolts averaged 47%. The overall (198 1- 

199 1 ) smolt age composition was 63% age- 1 and 37% age-2. 

The mean size of neither age- 1 or age-2 smolts fluctuated substantially during 

1980- 199 1 as the coefficients of variation for annual mean lengths and weights 

ranged from 0.03-0.12 (Table 12). Age- 1 smolts ranged in mean length between 

64-73 rnrn and in weight from 2.2-3.3 g, while age-2 smolts ranged in size 

between 77-88 mm and 3.4-5.2 g. The overall mean size of age- 1 smolts was 

69 rnrn and 2.7 g, and for the age-2 smolts was 82 rnm and 4.4 g. The smallest 

age- 1 and age-2 smolts were observed in 1987; however, after 1987, smolt sizes 

were comparable to previous years. 

The annual total sockeye smolt biomass averaged 24,365 kg and ranged 

between 7,284-52,506 kg during 1981-1991 (Table 13). Of the mean total smolt 

biomass produced, 13,974 kg (57% of the total) and 10,391 kg (43% of the total) 



Table 10. Timing o f  the Kas i lo f  River sockeye salmon 

smolt migration, 1981-1991. 

Smol t S ta r t ing  5 0% Ending 

year date \a midpoint date \b 

1988 

1989 

1990 

1991 

Mean 

13 May 

24 May 

26 May 

16 May 

24 May 

21 May 

14 May 

11 May 

14 May 

19 May 

21 May 

18 May 

30 May 

13 Jun 

13 Jun 

28 May 

15 Jun 

13 Jun 

12 Jun 

09 Jun 

04 Jun 

06 Jun 

08 Jun 

08 Jun 

01 Ju l  

14 Ju l  

05 Jut 

10 Ju l  

17 Jul  

17 Ju l  

11 Ju l  

08 Ju l  

30 Jun 

29 Jun 

08 Jul  

08 Ju l  

\a F i r s t  day t r ap  catch reached 1,000 smolts. 

\b  Date t raps were removed from r i ve r .  



Table 11. Estimated nunber and percentage of age-I and age-2 sockeye salmon smolts migrating from 

Tustqnena Lake, 1981-1991. 

Age- I and 
Age- 1 Age-2 age- 2 

Smo l t smolts C.I. \a Age- I smol ts C.I. Age-2 smolts C.I. 

year (millions) (millions) canposition (millions) (millions) cotrposition (millions) (millions) 

Mean 4.969 63% 2.435 3 PA 7.404 

\a +/-95% confidence interval. 



Table 12. Surmary of the weighted mean s ize  of sockeye salmon smolts migrating 
from T u s t w n a  Lake, 1980-1991. 

Age- 1 Age-2 

Mean Mean Mean Mean 

Smolt Sample Length weight Sanple Length weight 

year s i ze  (mn) S.D. (g )  S.D. s i z e  (mn) S.D. (g) S.D. 

Mean 

Coefficient 

of var ia t ion  



Table 13. Estimated biomass f o r  age-1 and age-2 sockeye salmon s m l t s  migrat ing 
. from T u s t w n a  Lake, 1981-1991. 

- -- 

Estimated nunber Estimated Total 
Mean weight o f  smolts smo 1 t biomass estimated 

(g) ( X  1000) (kg) smo 1 t 
Smol t biomass 

year Age- 1 Age-2 Age-1 Age-2 Age-1 Age-2 (kg) 

1986 2.6 4.6 5,378 2,123 13,983 9,766 23,749 

1987 2.2 3.4 1,074 3,540 2,363 12,036 14,399 

1988 2.5 3.6 2,056 2,549 5,140 9,176 14,316 

1989 2.7 4.5 3,109 3,009 8,394 13,541 21,935 

1990 2.6 4.2 3,961 3,521 10,299 14,788 25,087 

1991 2.6 4.0 2,400 2,335 6,240 9,340 15,580 

Mean 13,974 10,391 24,365 



comprised of age- 1 and age-2 smolts, respectively. The broodyear with the 

highest smolt biomass occurred during the period of high stocking (- 16 million), 

but from a lower escapement compared to broodyears before and after the 

broodyear with the highest smolt biomass when stocking levels were similar 

(Figure 7). That is, the highest (54,800 kg) smolt biomass from natural 

production and stocking occurred from broodyear 1982, when the escapement 

was 169,000 and the stocking level was 16.9 million. In 198 1 and 1983, the 

respective escapements were 247,000 and 200,400, the stocking levels were 

15.9 million and 17.0 million, and smolt biomass was 34,700 kg and 

42,500 kg. Thus, this suggests smolt biomass production is not primarily 

dependent upon escapement and stocking levels. 

Moreover, there was not a significant (p > .05) relationship between parent 

escapements and total wild smolt biomass (Figure 8A), but there was a 

significant (I? = .59; p = .009) relationship between parent escapements and the 

percentage of wild pre-smolts that heldover in the lake for an additional year of 

rearing (Figure 8B). This latter relationship was significant (3 = 0.56; p = .012) 

even without the outlier point of the large 1985 escapement (-500,000). Thus, 

these relationships suggest that there is not a primary density-dependent 

response in smolt biomass produced from respective escapements, but there is 

a density-dependent response in the percentage of pre-smolts rearing an 

additional year. 

From the 1984 release of 202,000 Glacier Flats Creek sockeye salmon 

fingerlings marked with a right ventral (RV) fin clip and 202,400 marked with 

an adipose (AD) fin clip (Table 4), a totaI of 140 RV and 230 AD fh-clipped age- 1 

smolts were recovered in 1985 (Table 14). This resulted in a 37.8% survival 

advantage for the control group (AD), or a differential mark mortality factor 

(DMF) of 1.64. In 1985 from the release of 135,3 12 Bear Creek fingerlings 

marked with a left ventral (LV) fh clip and 137,111 marked with an AD fin clip 

(Table 4), a total of 130 LV and 190 AD fin-clipped age- 1 smolts were recovered 



Figure  7 .  R e l a t i o n s h i p  o f  escapement and s t o c k i n g  l e v e l  on t o t a l  smol t  
biomass produced f o r  broodyears  1979-1988. 
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Figure  8. Re1 a t i o n s h i  p between p a r e n t a l  escapement (minus f i s h  
used f o r  egg- takes )  and wi ld  smol t biomass ( A )  and 
p e r c e n t a g e  o f  w i l d  holdovers  ( B )  f o r  broodyears  
1979-1988. 

4 1 



Table 14. The number of r i g h t  v e n t r a l  (RV) and adipose (AD) c l i pped  age-1 

sockeye salmon smolts (Glac ier  F l a t s  Creek stock) recovered i n  

1985 and the d i f f e r e n t i a l  mark m o r t a l i t y  f a c t o r  (DMF). 

C.I. \a 

Percent RV C l ips  

Number Nunber Percent 

Sample AD c l i p s  RV c l i p s  RV c l i p s  Lower Upper 

p e r i o d  recovered recovered DMF recovered (%) (%I  

19-25 May 

26 May-01 Jun 

02-08 Jun 

09-15 Jun 

16-22 Jun 

23-29 Jun 

30 Jun-06 J u l  

07-13 J u l  

Overa l l  

\a +/-95% confidence in te rva l .  

Table 15. The number o f  l e f t  v e n t r a l  (LV) and adipose (AD) c l i pped  age-1 

sockeye salmon smolts (Bear Creek s tock)  recovered i n  1986 and 

the  d i f f e r e n t i a l  mark m o r t a l i t y  f a c t o r  (DMF). 

Percent LV C l i p s  

Number Nunber Percent 

Sample AD c l i p s  LV c l i p s  LV c l i p s  Lower Upper 

pe r iod  recovered recovered DMF recovered (%I (%) 

05-24 May 

25-31 May 

01-07 Jun 

08-14 Jun 

15-21 Jun 

22-28 Jun 

29 Jun-05 J u l  

06-17 J u l  

Overa l l  190 130 1.46 40.6 33.6 48.0 

\a +/-95% confidence in te rva l .  



in 1986 (Table 15). For this group, a 40.6% survival advantage was observed 

for AD-clipped.fish for a DMF of 1.46. Thus, the average DMF for both releases 

was 1.5 and was applied to the number of all hatchery marked smolts recovered 

to estimate the total number of hatchery-produced smolts. 

Using the 1.5 DMF factor, the estimated total number of hatchery smolts 

migrating from Tustumena Lake ranged from a low of 440,000 to a high of 

4.7 million, and averaged 1.8 million during 198 1 - 199 1 (Table 16). The 

estimated percentage of the number of hatchery smolts contributing to the total 

smolt migration ranged between 4-37%, and averaged 24% for this period. A 

mean of 1.5 million hatchery age- 1 smolts (3 I%), and 3 10,000 age-2 smolts 

(12%) contributed to the total smolt migration. 

The estimated smolt survival rate for hatchery-released sockeye salmon 

fingerlings by release year during 1980- 199 1 ranged between 2-26%, and 

averaged 15% (Table 17). Survival for age- 1 smolts varied considerably ( 1-25%) 

and averaged 12%. For age-2 hatchery-produced smolts, survivals ranged 

between 0.4-7%, and averaged 3%. In addition, a non-significant (p > .05) 

relationship was found between the number of fingerlings released and hatchery 

smolt biomass (Figure 9A). The variability in this relationship can be illustrated 

by noting that stocking levels ranging between 6- 17 million produced smolt 

biomass ranging between 1,000- 15,000 kg. In addition, the variability in this 

relationship may be substantially attributed to the hatchery fiy-release 

technique, as fry released by helicopter (ground release) survived at an average 

rate of 19%, while those air dropped from a fixed-wing airplane survived at a 

rate of 9% (Figure 9B). Finally, there was no significant (p > .05) relationship 

between the number of hatchery fingerlings released and the percentage of 

hatchery pre-smolts that heldover in the lake for an additional year of rearing 

(Figure 9C). 



Table 16. Estimated hatchery contribution of released sockeye salmon fingerlings to 

the total annual smott production in T u s t w n a  Lake, 1981-1991. 

Hatchery smolt production 

Age- 1 Age-2 Total hatchery smolts 

wit Nwnber Hatchery Number Hatchery Nunber Hatchery 

year (millions) contribution (millions) contribution (millions) contribution 

Mean 1.52 30.9% 0.31 12.0% 1.83 23.8% 



Table 17. Hatchery f i n g e r l i n g  t o  smolt su rv iva l  by release year f o r  sockeye salmon stocked in 

Tustumena Lake, 1980-1991. 

Number of Nunber o f  Number o f  

hatchery hatchery F inger l i ng  hatchery F inger l i ng  Tota l  nunber Tota l  

f i n g e r l i n g s  age-1 smolts t o  age-1 age-2 smolts t o  age-2 o f  hatchery f i n g e r l i n g -  

Release released produced smolt produced smolt smolts produced to-smolt  

year ( m i l l i o n s )  ( m i l l i o n s )  su rv iva l  ( m i l l i o n s )  su rv iva l  ( m i l l i o n s )  su rv iva l  

Mean 11.11 1.52 11.5% 0.34 2.5% 1.99 14.8% 



4,000,000 4000,000 4000,000 10,000,000 12,000,000 14,000,000 16,000,000 16000,000 

NO. FINGERLINGS RELEASED 

w 
C. 

f ' 

O m -  
? .  
i 
d 

30 - 
i f .  
8 
P a -  * 
I ' 

E 10 - 
P * .  

t I 
0 -I 

1 I , , 1 

400404) 6 m m 0  4004000 1 0 . ~ 0 4 )  1200QOQ) 14,004m0 1400404) 14000,QX) 

NO. FINGERUNGS RELEASED 

RELEASE YEAR 

Figure 9. Relationship between hatchery smolt biomass and the number of 
f ingerl ings released for  re1 ease years 1980-1989 ( A ) ,  
comparison of smolt survival for  f ry  released by helicopter 
(ground release) and dropped from an airplane ( a i r  release) 
( B ) ,  and the relationship between the number of finger1 ings 
released and the percentage of hatchery holdovers for  release 
years 1980-1989 ( C ) .  



From the acoustically-derived population estimates of fall sockeye salmon 

fingerlings and estimates of smolts from trap catches, the percentages of 

fingerlings that survived and migrated as age- 1 and age-2 smolts were derived 

(Table 18). During 198 1- 1984, the percentage of age-0 fingerlings that survived 

and migrated as age- 1 smolts ranged between 55-68%. Since 1984, population 

estimates indicated that this percentage dropped and ranged between 11-33%. 

For release years 1986 and 1987, the percentage decreased and corresponded 

with a decrease in size of age-0 fingerlings (Table 9). The percentage of age- 1 

fingerlings that survived and migrated as age-2 smolts based on the two 

population estimates varied considerably during 198 1 - 1986, and during half of 

these years was greater than 100%. This is believed to be a result of bias in the 

composition of age- 1 fhgerlings determined from townet samples, as the 

composition of age-2 smolts (sampled during the smolt migration) are 

approximately twice that for age- 1 fall fingerlings in Tustumena Lake (Kyle 

1988b). Thus, the bias in townet catches results in the underestimation of the 

composition of age- 1 fingerlings, and therefore underestimates the number of 

age- 1 fingerlings in the lake. Correspondingly, population estimates of age-0 

fall fingerlings are overestimated by the biased townet-derived age compositions 

by assigning a greater percentage of the total population estimate to age-0 

fingerlings. 

Adult Returns and Age Structure- Since 1968, sockeye spawning escapements 

(minus fish used for egg takes) have ranged between 38,000-494,000, and 

averaged 16 1,000 (Table 1 9). During 1979- 199 1 (when total return information 

was available), escapements averaged 22 1,000, the commercial harvest averaged 

673,000, and the total return averaged 921,000. The estimated harvest of 

sockeye salmon in the sport fishery and personal-use dipnet and gillnet 

fisheries during 198 1 - 199 1 averaged 2 1,000. 

The smolt-to-adult survival for brood years with complete adult returns (1979- 

1985). ranged from 8-25%. and averaged 15% (Table 20). The greatest smolt-to- 



Table 18. The percentage of fall fingerlings that migrated and survived as age-1 and age-2 smolts based on 

acoustical~estimation of fail fingerlings and smolt trap estimates for T u s t w n a  Lake, 1981-1991. 

Estimated % Estimated % 

Estimated number of fingerlings Estimated nunber of fingerlings 

of age-0 Estimated number that migrated of age-1 fall Estimated nnunber that migrated 

Rearing fingerlings of age-1 smolts and survived as fingerlngs of age-2 smolts and survived as 

year (millions) (millions) age-1 smolts (millionss) (millions) age-2 smolts 

\a See text. 



Table 19. Sunnary of estimated escapements, harvests, and t o t a l  re turns o f  
Tustunena Lake sockeye salmon, 1968-1991. 

Sport, dipnet, 

and 
personal-use Tota l  

harvest r e t u r n  

Sockeye Nunber o f  
Return sonar sockeye used 

year count \a f o r  egg take 
Spauning Comnercial 

escapement harvest 

Mean 

\a lncludes counts o r  estimates from designated e a r l y  per iod ( p r i o r  t o  15 June). Source: 
King and Tarbox (1991). 

\b Sonar counters uere inoperable. 

\c The sonar count uas less than the spawner survey count and because o f  an unusual ly 
e a r l y  r e t u r n  o f  f i s h  (before i n s t a l l a t i o n  o f  sonar counter), the spauner survey 
counts and weir counts a t  Bear and Glacier F la ts  creeks uere used as the system 
escapement. 

\d 1979-1991 mean. 



Table 20. Surmary of  estimated smolt-to-adult  s w i v a l  

f o r  sockeye salmon i n  Tustunena Lake f o r  brood 

years 1979-1987. 

Total Tota l  Smolt- 
Brood smolt adu l t  to -adu l t  

year Escapement production production surv iva l  (%I 

Mean 240,369 8,333,889 937,600 15.1 \c 

\a Excludes s ix -year -o ld  adul ts  that  w i  11 not re tu rn  u n t i l  1992. 
\b Excludes f i v e -  and s ix-year-o ld adul ts  tha t  w i  11 not re tu rn  

u n t i l  1992 and 1993, respectively. 

\C Mean f o r  years of  complete ( a l l  age classes) adu l t  re turns 

(1979-1985).  



adult survival occurred from the 1979 broodyear escapement of 149,155 and a 

smolt production of 2.9 million, while the lowest occurred from the 1983 

broodyear escapement of 200,368 and a corresponding srnolt production of 

14.8 million. Production of sockeye salmon in Tustumena Lake for broodyears 

1979- 1987 by life-stage is presented in the Appendix. 

Finally, the percent composition of age- 1.2 and age- 1.3 sockeye salmon adults 

sampled from the Kasilof River fishwheels during 1969- 199 1 varied 

considerably, but the overall averages were equal (Table 2 1). That is, the 

composition of age- 1.2 adults ranged between 6-59% and averaged 36.7%, while 

that for age- 1.3 adults ranged between 7-69% and averaged 36.9%. The other 

two major age classes of adult sockeye salmon were age-2.2 and age-2.3, 

averaging 18% and 8% of the age composition, respectively during 1969- 199 1. 

Tributary Spawner Counts, Distributions, and Adult Sampling-- Peak sockeye 

salmon spawner counts (and weir counts at Glacier Flats and Bear creeks) in 

the major tributaries of Tustumena Lake have varied over the years (Table 22). 

The three tributaries with the greatest variability (coefflcients of variation) in 

these index counts over the years were Glacier Flats, Clear, and Seepage creeks. 

The mean spawner count for the major tributaries surveyed during 1975- 199 1 

was 138,400. In addition, all except for two years ( 1975 and 1988), the 

tributary spawner counts of sockeye salmon were less than the reported sockeye 

salmon sonar counts. 

comparison of the relative percent distribution of spawners among the seven 

major tributaries before ( 1975- 1983) and after ( 1984- 199 1) substantial returns 

of hatchery-produced fish (Table 23), reveals that spawner distributions 

drastically changed in only two. That is, the distribution of spawners in Glacier 

Flats Creek significantly (p c .05; Mann Whitney U-test) increased from 14% 

( 16,600 fish) to 28% (50,700 fish) after hatchery returns. In contrast, non- 

enhanced sockeye salmon of Nikolai Creek decreased significantly (p < .05; 



Table 21. Age class compositions of adult sockeye salmon collected by fishuheel from 
the Kasilof River, 1969-1991. 

Age class (%) 

Return Sanple 
year s ize 1.1 1.2 1.3 1.4 2.1 2.2 2.3 Other 

Mean 1,178 

Source: King and Tarbox (1991). 



Table 22. Peak sockeye salmon spauner counts i n  salmon-producing t r i b u t a r i e s  of 
Tustumena Lake, 1975-1991. 

Tributary 

Return Glacier Total 

year Nikolai Crystal Clear F la ts  \a Seepage Moose Bear \a count 

Mean 15,962 853 2,200 32,653 2,197 14,871 69,694 138,424 

Coeff ic ient  
of var ia t ion  0.58 0.55 0.95 0.94 0.75 0.30 0.43 

\a Weir counts and surveys; includes f i s h  used for  egg takes. 



. Table 23. Comparison of r e l a t i v e  percent d i s t r i b u t i o n  of sockeye 

salmon among major t r ibu tar ies  of Tustunena Lake before 

(1975-1983) and a f t e r  (1984-1991) substantial  returns of 
hatchery-produced fish. 

Tributary 

Return Glacier 

year Nikola i  Crystal Clear F la ts  Seepage Moose Bear 

Mean 

Mean 



Mann Whitney U-test) in relative percent distribution among the tributaries 

during the two. periods from 18% to 7%. 

The percent composition of the major age classes of adult sockeye salmon 

returning to Bear and Glacier Flats Creeks varied moderately as coefficients of 

variation ranged between 0.33-0.63 during 1980- 199 1 (Table 24). Of the four 

age classes of sockeye salmon observed in these creeks, age- 1.2 dominated and 

ranged in composition between 7-76% (Bear Creek) and 8-80% (Glacier Flats 

Creek), and averaged 44% and 57%, respectively. Age- 1.3 sockeye salmon were 

second in dominance and ranged between 6-80% at Bear Creek (mean = 34%), 

and 11-77% at Glacier Flats Creek (mean = 32%). The composition of age-2.2 

and age-2.3 averaged less than 20% for both creeks during 1980- 199 1. In 

addition, the sizes of the major age classes of adult sockeye salmon returning to 

Bear Creek and Glacier Flats Creek varied very little (coefficients of variation 

were equal to or less than 0.10) during 1980- 199 1 (Table 25). At Bear Creek, 

age- 1.3 sockeye salmon averaged 2.5 kg in weight, and both age- 1.2 and age- 

2.2 averaged 1.7 kg. The mean length of age- 1.3 Bear Creek sockeye salmon 

was 54 cm, and was 48 cm for both age- 1.2 and age-2.2 fish. The average 

weight of these three age classes for Glacier Flats Creek sockeye salmon was 

nearly identical to Bear Creek. The mean lengths were also similar as age- 1.3 

Glacier Flats Creek sockeye salmon averaged 53 cm, and both age- 1.2 and age- 

2.2 averaged 48 cm. 

Finally, one of the concerns regarding the enhancement project and the 

distribution of spawners, was the development of only two sockeye salmon 

stocks (Glacier Flats and Bear Creeks), and the lack of distributing increased 

production among the other salmon-producing tributaries. As mentioned 

earlier, from 1976 through 1985 sockeye salmon fingerlings were released 

directly in Glacier Flats and Bear Creeks using the helicopter ground-release 

method, and beginning in 1986 the fry were air-dropped in the lake. The 

recovery of returning hatchery-marked adult sockeye salmon indicate there was 



. Table 24. Age compositions o f  adu l t  sockeye salmon sampled 

from Bear and Glacier F la ts  Creeks, 1980-1991. 

Percent composition by age c lass 

Return Sample 

year 1.2 1.3 2.2 2.3 s i z e  

Mean 

Coef f i c ien t  

o f  v a r i a t i o n  

Mean 

Coef f i c ien t  

o f  v a r i a t i o n  

Bear Creek 

52 8 1 
64 6 5 
80 Trace 2 
14 8 2 
36 5 0 
19 6 Trace 

23 11 Trace 

40 16 4 

33 16 12 
36 43 14 

6 45 7 
a 45 7 

Glacier F la ts  Creek 

2 
Trace 

Trace 

Trace 

3 
4 
8 

13 

17 

Trace 

Trace 

Trace 

Trace 

0 
0 
4 

5 
8 

\a No data co l lec ted  i n  1989. 
\b Sampled Late i n  run. 



Table 2 5 .  Mean weights and lengths of the major age classes o f  adu l t  sockeye salmon 

sampled a t  Bear and Glacier F la ts  Creeks, 1980-1991. 

Bear Creek Glacier F l a t s  Creek 

Average Average Aver age Average 

Age Return Sample weight Length Sample weight Length 

c lass year Size (kg) S.D. (cm) S.D. s i z e  (kg) S.D. (cm) S.D. 

Mean 

c.v.\c 

Mean 

C.V. 



Table 25 continued. Mean ueights  and Lengths of the major age classes o f  adu l t  sockeye 

salmon sampled a t  Bear and Glacier F l a t s  Creeks, 1980-1991. 

Bear Creek Glac ier  F la ts  Creek 

Average Average Average Average 

Age Return Sample ueight  length Sample weight l ength 

c lass year s i z e  (kg) S.D. (cm) S.D. s i z e  (kg) S.D. (cm) S.D. 

Mean 

C.V. 

\a No data co l lec ted  a t  Glacier F l a t s  Creek i n  1989. 

\b Sampled Late i n  run a t  Glacier F l a t s  Creek, does not  inc lude ages 1.1 and 2.1 jacks. 
\c Coe f f i c ien t  o f  va r ia t ion .  



straying of hatchery fish between the two enhanced tributaries each year 

(Table 26). For example, at Glacier Flats Creek for adult return years 1984- 

199 1, a mean adult recovery rate of 0.15% was observed for fingerlings stocked 

in Bear Creek. At Bear Creek, a mean adult recovery rate of 0.09% was found 

for fingerlings originally stocked in Glacier Flats Creek. Although quantitative 

sampling was not conducted on other tributaries, hatchery marked adults were 

indeed observed in the other tributaries. Thus, it is evident that straying of 

returning hatchery adults did occur from both release techniques; however, 

because air-drops dispersed hatchery fingerlings directly into the lake, a higher 

percentage of returning hatchery adults may be spawning in the lake. 

Hatchery Contribution to the Escapement and the Total Return-- The 

contribution of hatchery-produced sockeye salmon to the total return 

incorporated the mortality associated with clipping ventral fins. This was 

determined from the release of equal numbers of ventral- and adipose-clipped 

fingerlings in 1984 and 1985, and the return of respective adults in 1987 and 

1988. This comparison revealed that a 42% average survival advantage 

occurred for the control group (adipose-clip fish) over the ventrally-clipped fish 

(Table 27). This corresponds to an average differential mark mortality factor 

(DMF) of 1.4, which was slightly less, but close to the average of 1.5 DMF found 

for smolts (Tables 14 and 15). 

The estimated contribution of adult hatchery sockeye salmon to the escapement 

and total return incorporated a DMF of 1.5, and has been estimated since 1984 

(Table 28). The percentage of hatchery fish contributing to the escapement at 

Glacier Flats and Bear creeks ranged between 12-94% and 17-53%, 

respectively. Annual estimates of the number of hatchery-produced sockeye 

salmon in the commercial harvest ranged between 5 1,000-596,000. In the 

personal-use and sport fisheries, hatchery sockeye contributed 2,800- 18,800 of 

the annual total catch. The estimated annual number of sockeye salmon adults 



. Table 26. Recovery rates f o r  RV and LV f i n  c l i p s  a t  the  Glac ier  F la ts  and 

Bear Creek weirs showing the s t ray ing  o f  re tu rn ing  hatchery 

adu l t s  between these two creeks, 1984-1991. 

Return No. f i s h  No. RV Recovery No. LV Recovery 

year observed recovered\a r a t e  (%) recovered\b r a t e  (%) 

Total 

Glacier F la ts  Creek weir 

655 Mean 0.52% 

Bear Creek weir 

Mean 0.15% 

Tota l  108,154 92 Mean 0.09% 510 Mean 0.45% 

\a Glacier F l a t s  Creek sockeye f inger l i ngs  marked w i th  a r i g h t  ven t ra l  

c l i p .  

\b Bear Creek Creek sockeye f inger l i ngs  marked w i th  a l e f t  ven t ra l  c l i p .  



Table 27. The n w h r  of r i g h t  o r  Le f t  ven t ra l  (RV, LV) and adipose 

(AD) c l ipped adu l t  sockeye recovered a t  the Glac ier  F l a t s  

and Bear Creek weirs and the d i f f e r e n t i a l  mark m o r t a l i t y  

factors. 

Nunber Nunber RV Percent D i f f e r e n t i a l  

Return Age AD c l i p s  o r  LV c l i p s  ven t ra l  c l i p s  mark m o r t a l i t y  
year c lass recovered recovered\a recovered fac to r  

1988 1.3 44 32 (RV) 42.1 1.38 

Mean 42.1 1.38 

\a RV c l i p s  represent recovered f i s h  from the  release o f  equal n u h e r s  

o f  RV and AD Glacier F l a t s  Creek f inger l i ngs  i n  1984. LV c l i p s  

represent recovered f i s h  from the release o f  equal nunbers of LV 

and AD Bear Creek f inger l i ngs  i n  1985. 



Table 28. Estimated nunber and percentage o f  hatchery-produced sockeye salmon i n  the escapement and t o t a l  re tu rn  f o r  Tustunena Lake, 1984-1991. 

Return year Mean 

Kasi l o f  River sonar count (escapement ) \b 

Bear Creek escapement 

Glacier F la ts  Creek escapement 

Other creeks and lake escapement\d 

Estimated number and (%) of  hatchery-produced f i s h  

return ing t o  Glacier F la ts  Creek 

Estimated nunber and (%) o f  hatchery-produced f i s h  

return ing t o  Bear Creek 
Estimated number and ( X )  of  hatchery-produced f i s h  

return ing t o  the other creeks 

Estimated number and (%) of  hatchery-produced f i s h  

i n  the escapement 

Estimated comnercial f i s h i n g  exp lo i ta t ion  r a t e  

Estimated comnercial harvest\b 

Estimated number o f  hatchery-produced f i s h  

comnercial l y  caught\e 

Estimated number o f  f i s h  caught i n  personal- 

use (dipnet and g i l l n e t )  and sport f i sher ies \b  

Estimated nunber o f  hatchery-produced f i s h  

i n  personal-use and spor t  f i sher ies  

Estimated number o f  hatchery-produced f i s h  

i n  the t o t a l  re tu rn  75,649 472,665 717,291 324,792 461,764 189,560 194,129 201,620 376,782 

\a Hatchery-produced f i s h  based on respect ive hatchery smolt con t r ibu t ion  (See methods). 

\b Estimates from Table 19. 
\c The t o t a l  spawner count (See Table 22)  revealed a higher n h r  o f  sockeye than the sonar count i n  1988 (See Table 191, 

and consequently was used t o  ca lcu la te  the con t r ibu t ion  o f  hatchery-produced sockeye t o  the t o t a l  return. 

\d Represents the d i f ference between Glacier F la ts  and Bear Creek weir counts and the t o t a l  spawner count o f  the seven major salmon- 

producing t r ibu ta r ies .  

\e Hatchery-produced f i s h  i n  c m r c i a l  harvest i s  percent hatchery f i s h  i n  escapement times comnercial harvest. 

\ f  Catch and harvest f igures are prel iminary. 



returning from hatchery fingerling releases during 1984- 199 1 ranged between 

76,000-7 17,000, averaged 376,782, and totalled nearly 3 million. 

Genetic Sampling-- Analysis of the 1987 and 1989 genetic samples collected 

from adult sockeye salmon spawning in the major tributaries of Tustumena 

Lake is partially complete. The electrophoresis of sample tissues is complete; 

however, statis'tical comparisons have not been finalized. Preliminary analysis 

of these samples suggests similar results to those found by Grant et al. ( 1980); 

sockeye salmon spawning stocks of Tustumena Lake are homogeneous (Carl 

Burge? pers. cornm.). However, since the analysis of these samples, 

advancement of electrophoretic procedures have been made; mainly an increase 

in the number of detected protein variants. Thus, further testing is 

recommended and is being planned by the USF&WS. 

Limnological Investigations 

Heat Budget-- Seasonal mean lake temperatures (1 m) varied annually from 8.3- 

10.5" C at Station A, 7.2- 10. 1" C at Station B, and 6.3-8.4" C at Station C (Tables 

29-3 1). The lowest mean lake (all stations combined) temperatures were in 

1983 and 1985 (7.3" C), and the highest was in 199 1 (9.7" C) when seasonal 

mean turbidity at each of the three stations was the lowest. The date at which 

the water temperature reached 4" C at 1 m (initiation of seasonal heating) varied 

annually from May 1 to June 1 at Station A, from May 4 to June 17 at 

Station B, and from May 24 to June 19 at Station C. The date of maximum 

heating (1 m) varied from July 9 to August 26 at Station A, July 9 to August 18 

at Station B, and July 7 to August 27 at Station C. Thus, the range in seasonal 

mean temperature, the initiation of heating, and the date of maximum heating 

varied dependent upon weather conditions of sunlight and precipitation. These 

factors can influence lake productivity, and in turn, can effect juvenile 

-- - 

3USF&WS, 10 1 1 E. Tutor, Anchorage, AK 99503. 



Table 29. Sunnary of . l imnologica l  charac te r i s t i cs  a t  S ta t ion  A i n  Tustunena Lake f o r  rear ing years 1980-1991. 

Rearing year 

Parameter 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 

T u r b i d i t y  (NTU) 1 m . - - -  

Seasonal mean water 9.8 

temp. (C @ I m) 

Date o f  1 m water 5/28 

a t  4 C 

Date o f  heat 7/25 

maximum ( C  @ I m) 

Euphotic zone 0.96 

depth (m) 

Tota l  phosphorus (P) 38.8 

1 m (ug/L) 
CTP \a 2.9 

1 m (ug/L) 
Tota l  K je ldahl  N 130 

I m (ug/L) 
Amnon i a 5.7 

I rn (ug/L) 
N i t r a t e  + N i t r i t e  87.8 

I m (ug/L) 
Atomic r a t i o  o f  TN 89:l 

t o  CTP 

S i l i c o n  2,250 

1 m (ug/L as S i )  

A l k a l i n i t y  14 

1 m (mg/L as CaC03) 

pH u n i t s  7.0 

(1 m) 
Chlorophyl l  a 1.47 

(1  m, mean) 

Chlorophyl l  a 3.15 

(I rn, peak) 
Diaptomus densi ty  7,039 

(No/&, mean) 

Cyclops densi ty  24,926 

(No/&, mean) 

Diaptorms biomass - - -  
(mg/m2, mean) 

Cyclops biomass - - - 
(mg/m2, mean) 

\a To ta l  phosphorus corrected f o r  t u r b i d i t y  and inorganic p a r t i c u l a t e  phosphorus. 



Table 30. Sumnary of. L i m o l o g i c a l  charac te r i s t i cs  a t  S ta t ion  B i n  T u s t w n a  Lake f o r  rear ing  years 1980-1991. 

- - -- 

Rearing year 

Parameter 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 

T u r b i d i t y  (NTU) 1 m - -  - - - - - - 49 44 46 43 40 38 35 33 

Seasonal mean water 9.8 

temp. (C @ 1 m) 
Date o f  1 m water 5/31 

a t  4 C 

Date o f  heat 7/25 
maximum (C @ 1 m) 

Euphotic zone 0.98 

depth (m) 
Tota l  phosphorus (P I  44.9 

1 m (ug/L) 
CTP \a 3.5 

I m (ug/L) 
Tota l  K je ldah l  N 137 

1 m (ug/L) 
Amnon i a 6.9 

I m (ug/L) 
N i t r a t e  + N i t r i t e  90.5 

1 m (ug/L) 
Atomic r a t i o  o f  TN 87:l 

t o  CTP 
S i  l icon  2,173 

1 in (ug/L as S i )  

A l k a l i n i t y  14 
1 m (mg/L as CaC03) 

pH u n i t s  7.0 

(1 m) 
Chlorophyl l  a 0.89 

(1 m, mean) 

Chlorophyl l  a 2.00 

(1  m, peak) 
D i a p t m s  dens i t y  13,237 

(No/m2, mean) 

Cyclops dens i t y  35,014 

(No/m2, mean) 
Diaptomus biomass - - 

(mg/m2, mean) 
Cyclops biomass - - 

(mg/m2, mean) 

\a To ta l  phosphorus corrected f o r  t u r b i d i t y  and inorgnaic p a r t i c u l a t e  phosphorus. 



Table 31. Sumnary of L innologica l  charac te r i s t i cs  a t  S ta t ion  C i n  Tustunena Lake f o r  rear ing  years 1980-1991. 

Rearing year 

Parameter 1980 1981 1982 1983 1984 1985 1986 1987 1988 1889 1990 1991 

T u r b i d i t y  (NTU) 1 m - -  - - - - - - 42 46 44 44 43 38 38 33 

Seasonal mean water 8.2 

temp. (C @ 1 m) 

Date o f  1 m water 5/24 
a t  4 C 

Date o f  heat 7/25 
maximum ( C  @ 1 m) 

Euphot i c zone 0.90 
depth (m) 

Tota l  phosphorus (P) 43.3 

1 m (ug/L) 
CTP \a 3.1 

1 m (ug/L) 
Total K je ldah l  N 125 

1 m (ug/L) 
Amnon i a 8.3 

1 m (ug/L) 
N i t r a t e  + N i t r i t e  96.4 

1 m (ug/L) 
Atomic r a t i o  o f  TN 80:l 

t o  CTP 

S i l i c o n  2,472 
1 m (ug/L as S i )  

A l k a l i n i t y  15 
1 m (mg/L as CaC03) 

pH u n i t s  6.4 

(1 m) 
Chlorophyl l  a 1.13 

(1 m, mean) 

Chlorophyl l  a 4.58 

(1 m, peak) 
Diaptomus dens i t y  4,957 

(No/mZ, mean) 

Cyclops dens i t y  34,096 

(No/mZ, mean) 

Diaptomus biomass - - 
(mg/m2, mean) 

Cyc 1 ops biomass - - 
(mg/mZ, mean) 

\a Tota l  phosphorus corrected f o r  t u r b i d i t y  and inorganic p a r t i c u l a t e  phosphorus. 



sockeye production (see section on environmental variables). 

Nutrients-- Nitrogen, and in particular phosphorus, are major cellular 

components of all organisms and can regulate or limit the productivity of 

organisms in freshwater ecosystems. Concentrations of nitrogen and 

phosphorus are dynamic because they are constantly being utilized, stored, 

transformed, and excreted by various aquatic organisms. Other elements such 

as iron, silica, calcium, and magnesium are essential cellular constituents but 

are required in relatively low concentrations in relation to their availability in 

fresh waters. Seasonal mean nutrient concentrations by year are presented in 

Tables 29-3 1 for Stations A-C, respectively. 

Nitrogen (N) is necessary for aquatic and terrestrial life, and because nitrogen is 

more abundant it has been generally considered not as limiting to primary 

production as phosphorus. However, there is growing evidence to suggest that 

the nitrogen supply when combined with phosphorus levels can significantly 

change biological responses (regulating photosynthesis and algal standing crop) 

in lakes (Smith 1982; Elser et al. 1990). There are various inorganic and 

organic fractions of nitrogen that are measured in water; however, both 

inorganic forms (ammonia and nitrate + nitrite) are readily utilized by aquatic 

plants for production. Except under alkaline conditions (pH>9.0), most of the 

ammonia in freshwater exists in the ionic form known as ammonium (NH,'). 

Throughout 1980- 199 1, epilimnetic ( 1 m) ammonium concentrations in 

Tustumena Lake ranged from 1.2 to 16.4 pg/L, and the seasonal average of 

4 pg/L is low compared to other oligotrophic lakes in Alaska supporting sockeye 

salmon. Epilimnetic nitrate + nitrite concentrations ranged from 82- 133 pglL, 

and averaged 95 pg/L. In comparison to other sockeye lakes, nitrate + nitrite 

concentrations were low to moderate. Total Kjeldahl nitrogen (TKN) which 

measures organic N and ammonia (ammonium), averaged 155 pg/L and ranged 

from 125 to 2 17 pg/L. In comparison, TKN in other sockeye nursery lakes in 



Alaska averages - 100 pg/L, indicating that the level of organic N in Tustumena 

Lake is moderate. Finally, the 1980- 199 1 average concentration for each of the 

nitrogen subcomponents varied little among the three stations. 

Phosphorus (P) has been considered as a limiting factor of primary productivity 

in lakes. In addition, biogenic input of nutrients from decomposing salmon 

carcasses (mainly phosphorus) has been strongly correlated to lake productivity 

(Gilbert and Rich 1927; Juday et al. 1932; Donaldson 1967). In the analysis of 

TP samples from glacial lakes, the absorbance (analytical) measurements of 

turbid solutions are artificially high because of light backscattering, and 

therefore TP concentrations of turbid lakes need to be adjusted for turbidity, 

and inorganic particulate phosphorus (Koenings et al. 1987). In Tustumena 

Lake, total phosphorus corrected for turbidity and inorganic particulate 

phosphorus (CTP), averaged 3.7 pg/L in the epilimnion and ranged from 2.9 to 

4.2 pg/L during 1980- 199 1. In comparison, total phosphorus in other 

(clearwater) sockeye nursery lakes in Alaska generally range between 5- 10 pg/L. 

Finally, for optimum algal growth the atomic ratio of total nitrogen (TKN + 
nitrate-nitrite) to total phosphorus (TN:TP) is generally between 10- 17: 1 (Smith 

1982). The seasonal TN:CTP ratio in Tustumena Lake averaged 92: 1 for the 

three stations. Smith (1983) found that a TN:TP ratio >29 does not favor the 

dominance of nitrogen-Mg phytoplankton species e.g., blue-greens which are 

unusable forms for consumption by zooplankton. Thus, the mean nutrient ratio 

in Tustumena Lake does not favor conditions for an undesired phytoplankton 

taxa. In addition, reactive silicon (Si), which is assimilated in large quantities 

by diatoms in the synthesis of their cell walls or fi-ustules, was found in low 

concentrations in Tustumena Lake (2,079-2,753 pg/L). 

Chlorophyll g-- Seasonal mean chlorophyll g [chl g)  levels in the epilimnion of 

Tustumena Lake ranged from 0.09- 1.47 pg/L and averaged 0.45 pg/L for all 



three stations during 1980- 199 1 (Tables 29-3 1). Peak chl a concentrations 

reached as high as 4.58 pg/L, however, the mean values, relative to other 

oligotrophic sockeye lakes in Alaska are quite low. The 1980- 199 1 mean chl a 
for each of the three stations ranged between 0.46-0.54 pg/L. 

Zooplankton Composition, Density, Biomass, and Electivity Indices-- The 

macrozooplankton community in Tustumena Lake consists of two copepods: 

Cyclops columbianus and Diaptornus prtbilofensis. Seasonal mean densities 

(number/m2) and biomass (mg/m2) of these two copepods for Stations A-C by 

year are provided in Tables 29-3 1. In general, the seasonal mean biomass of 

Cyclops was higher than Diaptornus, and Cyclops biomass varied more by 

station than by overall biomass throughout 198 1 - 199 1 (Figures 10A and B). In 

comparison, Diaptornus seasonal mean biomass varied both by station and in 

overall biomass more than Cyclops throughout 198 1- 199 1. For all three 

stations, Cyclops biomass ranged from 48- 1 19 mg/m2 and averaged 78 mg/m2, 

Diaptornus biomass ranged from 7-52 mg/m2 and averaged 29 mg/m2, and 

combined these copepods ranged in total biomass from 75- 171 mg/m2 and 

averaged 108 mg/m2 (Figure 10 C ) .  

There was no apparent relationship between the biomass of either Cyclops or 

Diaptornus, or total zooplankton (Diaptornus and Cyclops combined), and the 

estimated number of fall fry (Figure 1 1A and B). This suggests that the food 

base in terms of numbers and size (biomass) was unaffected by the number of 

rearing fish in the fall, which is a relative indication of the level of rearing fish 

throughout the season. 

Finally, during 1983, 1985, 1987, and 1988 limited sampling (N=20-37lyear) of 

the diet of age-0 and age- 1 sockeye fry collected in the fall indicated a positive 

electivity indice (active selection) for Cyclops and Diaptornus (Figure 12). 

Cyclops that were actively selected ranged widely in size interval from 0.50-0.54 

mm to 1.40- 1.44 mm, and the size intervals of Diaptornus that were actively 



SAMPLE YEAR 

Figure 10. Seasonal mean biomass by yea r  and s t a t i o n  f o r  CycZops 
( A ) ,  Diaptomus (B), and combined f o r  a l l  t h r e e  sample 
s t a t i o n s  ( C )  during 1981-1991. 



FALL FRY POPULATION (Millions) 

Figure 11. Comparison of zooplankton biomass' ( ~ ~ c l o p s ,  
Diaptomus, and t o t a l )  with the  fa1 1 f r y  es t imates  
( A ) ,  and the  r e l a t ionsh ip  of t o t a l  zooplankton 
biomass and f a l l  f r y  es t imates  ( B )  i n  Tustumena 
Lake f o r  r ea r ing  years  1981-1991. 
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Figure 12. E l e c t i v i t y  i n d i c e s  by l e n g t h  increment f o r  Cyclops and Diaptomus consumed by j u v e n i l e  
sockeye salmon i n  Tustumena Lake i n  the  f a l l  o f  1983, 1985, 1987, and 1988. 



preyed upon also had a broad range from 0.65-0.69 mm to 1.35- 1.39 rnm. 

Thus, there did not appear to be a preference for Cyclops or Dlaptomus, or 

active selection for certain size intervals. Moreover, the mean number of 

zooplankton (Cyclops and Dlaptomus combined) per fiy ranged from 83 in 1988 

to 280 in 1987. In 1983, 1985, 1987, and 1988, the mean number of Cyclops 

per fry was 43, 98, 82, and 66 respectively, while the mean number of 

Diaptomus per fry was 158, 42, 198, and 17 respectively. Thus, during 1985 

and 1987 sockeye fiy contained more Cyclops, and in 1983 and 1987 the fiy 

contained more Dlaptomus. 

Environmental Var@bles-- To evaluate the effects of diverse rearing 

environments on smolt production and to evaluate density-dependent or 

density-independent rearing in Tustumena Lake; six parent-years ( 1979 

through 1984) when sockeye salmon escapements were relatively consistent 

were used for analysis (Koenings et al. 1988). Six juvenile sockeye salmon 

performance variables were tested for significant correlations with nine 

secondary trophic-level variables, two primary-productivity variables, and nine 

environmental variables by either univariate or multivariate regression analysis. 

Implicit in the evaluation of the type of rearing model operating in Tustumena 

Lake was the concept of explaining variation in the six fish performance 

variables by correlation to the other trophic-level variables and environmental 

parameters. In a density-dependent rearing model, variation in fish 

performance would be correlated to trophic-level changes; whereas, in a density- 

independent model, correlations to other trophic-level variables should not exist 

but correlations to environmental variables should be evident. 

Preliminary analysis indicate that the variables directly related to the juvenile 

food chain such as chlorophyll 3, zooplankton density, and zooplankton 

biomass accounted for only 1 to 6% of the variation in fish performance 



variables. In contrast, environmental variables such as the onset of spring 

heating, seasonal precipitation, and euphotic zone depth, accounted for between 

84-94% of the variation in wild smolt production. As euphotic zone depth was 

consistently and predominantly correlated to fish performance variables, it was 

deleted from the correlation matrix to determine the change in influence of the 

other parameters on fish performance. Again, environmental variables 

accounted for'most of the variation but now accounted for 44 to 73% of the 

variation in fish performance, while food-chain variables such as chlorophyll a 
and zooplankton density and biomass accounted for 18% to 46% of the 

variation. 

As food-chain variables did appear to account for a larger percentage of 

variation in juvenile fish variables without the inclusion of euphotic zone depth 

in the correlation matrix, it was questioned whether there was a direct link 

between these two variables. What Koenings et al. (1988) found was that the 

variation in density and biomass of zooplankton was highly correlated to 

environmental variables such as the delay in the initiation of spring heating, the 

duration of the heating period, lake temperature, and precipitation. In fact, 

when the environmental variables were removed from the correlation matrix 

none of the zooplankton variables met the statistical acceptance for explaining 

any changes in fish performance. Thus, the observed variation in fish 

performance variables by zooplankton were due to co-variation from changing 

environmental conditions and therefore no direct cause-and-effect could be 

established between zooplankton variables and fish density or growth. 

As previously mentioned, a highly significant relationship was found between 

euphotic zone depth and the six fish performance variables. In addition, 

Koenings et al. (1988) found a similar relationship between euphotic zone depth, 

which influences in-lake rearing conditions, and smolt survival. In fact, 88% of 

the annual variation in this survivorship was explained by changes in the 

euphotic zone depth, which permitted the comparison of predicted smolt 



production with the observed. Consequently, Koenings et al. (1988) found that 

the predicted smolt production based on yearly changes in euphotic volume 

corresponded exceptionally well to the actual smolt production during 1979- 

1984. 

SUMMARY 

During 198 1- 199 1, production of juvenile sockeye salmon in Tustumena Lake 

varied widely as total smolt biomass ranged between 7,200-52,500 kg 

(Table 13). This smolt biomass production occurred &om parental escapements 

ranging from 160,000-500,000 adults (Table 19), and hatchery releases ranging 

from 6- 17 million fingerlings (Table 4). The total hatchery contribution (both 

age- 1 and age-2 smolts) to the smolt production varied &om a high of 38% in 

1983 and 1987 to a low of 2.5% in 1990, and averaged 24% (Table 16). Since 

1984, the estimated number of hatchery-produced sockeye salmon in the 

commercial harvest ranged between 5 1,000-596,000. In the personal-use and 

sport fisheries, hatchery sockeye contributed 2,800- 18,800 of the annual total 

catch. The estimated number of sockeye salmon adults returning from hatchery 

fingerling releases during 1984- 199 1 ranged between 76,000-7 17,000, averaged 

377,000, and totalled nearly 3 million. 

Although smolt biomass production varied over a wide range of adult 

escapementq, the production of wild smolt biomass during 198 1 - 199 1 was not 

found to be significantly (p > .05) related to escapement levels (Figure 8A). 

However, a significant = 0.56; p = .0 12) relationship was found between 

escapements and the percentage of wild pre-smolts that heldover in the lake for 

an additional year of rearing (Figure 8B). In comparison, there was no 

significant (p > .05) relationship between the number of hatchery fingerlings 

released and hatchery smolt biomass (Figure 9A), nor with the percentage of 

hatchery pre-smolts that heldover in the lake for an additional year of rearing 

(Figure 9C). In addition, during smolt years 198 1- 1986, the composition of age- 



1 sockeye smolts was relatively consistent; ranging between 70-84% (Table 1 I), 

and averaging nearly 80%. In 1987, the composition of age- 1 smolts drastically 

declined to 23%, and increased to >45% for 1988-1991. The change in 

composition of age- 1 smolts may not be an exclusive density-dependent effect, 

as in the fall of 1986 the population estimate of age-0 fingerlings was 

substantially less than other years (Table 7). As a result, these findings suggest 

that the initid'hypothesis that sockeye salmon production in Tustumena Lake 

is exclusively density-dependent is incorrect and strongly suggest that density- 

independent factors must influence production. However, there could be 

subsequent density-dependent effects resulting from poor environmental 

conditions. 

In Tustumena Lake instead of finding typical food-chain linkages leading to fish 

production; energy transfer appears to bypass preceding trophic levels. That is, 

if sockeye salmon rearing in Tustumena Lake operated in an exclusive density- 

dependent fashion, the model would resemble the middle model in Figure 13B 

(Koenings et al. 1988). However, as Koenings et al. (1988) found few significant 

energy transfers between trophic levels; sockeye salmon production primarily 

appears to be density-independent. In the density-independent model there are 

direct and significant correlations between environmental factors such as heat 

budget parameters and light penetration, and rearing fish (Figure 13C). 

Consequently, in-lake environmental factors appear to influence freshwater 

sockeye production in Tustumena Lake, and should be given higher regard in 

assessing the potential production of sockeye salmon in this lake (as well as 

other glacier lakes), and the effectiveness / impacts of hatchery stocking projects. 

Finally, a major concern relative to the increase enhanced production of sockeye 

salmon in Tustumena Lake was the potential change in distribution of spawners 

in the non-enhanced (as well as enhanced) tributaries of Tustumena Lake 

resulting from increased harvests in the commercial fishery. This was assessed 

by weir counts and peak spawning survey counts. Although counting 
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techniques varied among the tributaries, the same technique was used on each 

tributary each year, establishing an index for comparison. The results of this 

study indicated that during 1975- 199 1, two of the seven major sockeye salmon- 

producing tributaries drastically changed in relative spawner distribution. That 

is, in Glacier Flats Creek, because poor spawning area limits natural 

production, it was not surprising for spawner counts to dramatically increase 

from a mean of 16,600 (1975- 1983) to 50,725 after substantial returns of 

hatchery fish (1984- 199 1) (Table 22). Correspondingly, the percent distribution 

of spawners in Glacier Flats Creek changed significantly (p < .05) after large 

hatchery returns from 14% during 1975- 1983 to 28% for 1984- 199 1 (Table 23). 

Contrary to the enhanced stock at Glacier Flats Creek, the non-enhanced 

sockeye salmon of Nikolai Creek decreased significantly in percent distribution 

before and after large hatchery returns from 18% to 7%. However, it is unlikely 

that this could have resulted from the enhancement project in Tustumena Lake 

(e.g. increased commercial harvest), as sockeye salmon of Nikolai Creek return 

earlier than the other stocks (King and Tarbox 1987) and are only partially 

subjected to the commercial fishery. 
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Total adul ts  i n  brood veer 1979 

Adults used for '  Natural spawners 
hatchery egg takes 

(3,024) 

I 
Tota l  ebgs 

(7,081,000) 

Hatchery f i nge r l i ngs  Hatchery f inger l ings  released Natural f i nge r l i ng  
released a t  other areas i n  Tustunena Lake 

(597,919)- 

Age-1 srnotts - 1981 
[I ,865,000 o f  which 423,000 
(22.7%) hatchery o r i g i n l  

Age-2 smolts - 1982 
[1,010,000 of  which 24,000 

(2.4%) hatchery o r i g i n l  

Total smolts 
C2,875,000 o f  which 447,000 

(15.5% hatchery o r i g i n ]  

Age-4 adu l ts  - 1983 Age-5 adul ts  - 1984 Age-6 adu l ts  - 1985 
(337,500) + (335,000) + (36,000) 

Tota l  adul t  r e t u rn  
(708,000) 

24.6% surv iva l  from smolt stage 

Figure Al. Production of sockeye salmon in Tustumena Lake by life- 
history stage for brood year 1979. 



/ 
Total adu l t s  i n  brood year 1980 

(187,154) 

~ d u l t s  used f o r  \ Natural spawners 

hatchery egg takes (181,124) 
(6,030) 

To ta l  eggs 
(16,401,000) 

Hatchery f i nger l i ngs  Hatchery f i n g e r l i n g s  released Natural f i n g e r l i n g  
released a t  other areas in  Tustunena Lake 

/ 
production 

(2,203,002) ( ~ , ~ , o o o )  

F inger l i ng  populat ion estimate - Sep 1981 
(6,750,000) 

Age-1 smolts - 1982 Age-2 smolts - 1983 
[4,140,000 of which 1,314,000 + [1,328,000 o f  which 308,000 
(31.7%) hatchery o r ig in1  (23.2%) hatchery o r ig in1  

Tota l  smolts 
15,468,000 o f  which 1,622,000 

(29.7% hatchery o r i g i n l  
I 

Age-4 adul ts  - 1984 Age-5 adu l t s  - 1985 Age-6 adu l t s  - 1986 
(398,000) 

+ (550,500) + (94,500) 

To ta l  adu l t  re tu rn  
(1,043,000) 

19.1% s u r v i v a l  from smolt stage 

Figure A2. Production of sockeye salmon i n  Tustumena Lake by l i f e -  
h i s t o r y  s t age  f o r  brood year  1980. 
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Tota l  adul ts  i n  brood vear 1981 
(256,625 ) 

~ d u l t s  used f o r  \ Natural spawners 
hatchery egg takes 

(9,700) 

Tota l  eggs 
(20,360,400) 

Hatchery f i n g e r l i n g s  Hatchery f i n g e r l i n g s  released Natura l  f i n g e r l i n g  
released a t  other areas i n  Tustunena Lake product ion 

(1,528,000) (15,948,000) 

F inger l i ng  popuiatibn estimate - 1 Oct 1982 
(11,060,000) 

Age-1 smolts - 1983 Age-2 smolts - 1984 
[6,817,000 of  which 2,773,000 + [2,869,000 o f  which 591,000 
(40.7%) hatchery o r i g i n 1  (20.6%) hatchery o r ig in1  

Tota l  smolts 
[9,686,000 of  which 3,364,000 

(34.7% hatchery o r i g i n l  

Age-4 adu l t s  - 1985 + Age-5 adu l t s  - 1986 + Age-6 adul ts  - 1987 
(798,000) (1,040,000) (73,0001 

Tota l  adu l t  re tu rn  
(1,911,000) 

19.7% surv iva l  from smolt stage 

F i g u r e  A3.  P r o d u c t i o n  o f  sockeye salmon i n  Tustumena Lake by l i f e -  
h i s t o r y  s t a g e  f o r  b rood  y e a r  1981. 



hatchery egg takes 
(11,571) 

To ta l  eggs 
(20,467,200) 

Hatchery f i n g e r l i n g s  Hatchery f i n g e r l i n g s  released Natura l  f i n g e r l i n g  
released a t  o ther  areas i n  Tustunena Lake product ion 

(2,113,239) (16,934,872) 

F inger l i ng  ~ o p u l a t i d n  est imate - 29 sep 1983 
(24,700,000) 

Age-1 smolts - 1984 Age-2 smolts - 1985 
211,390,000 o f  which 4,137,000 + 14,001,000 o f  which 310,000 
(36.3%) hatchery o r i g i n ]  (7.7%) hatchery o r i g i n 1  

< 

To ta l  smolts 
215,391,000 o f  which 4,447,000 

(28.9% hatchery o r i g i n ]  

Age-4 a d u l t s  - 1986 + Age-5 a d u l t s  - 1987 Age-6 adu l t s  - 1988 
(804,500) (568,500) + (128,500) 

To ta l  a d u l t  r e t u r n  
(1,501,500) 

9.8% s u r v i v a l  from smolt stage 

Figure A4.  Production of sockeye salmon in Tustumena Lake by l i f e -  
h is tory  s tage  f o r  brood year 1982. 



Adults used for '  
hatchery egg takes 

(9,903) 

Natural spawners 
(200,368) 

Tota l  eggs 
(20,352,000) 

I 

Hatchery f i n g e r l i n g s  Hatchery f i n g e r l i n g s  released Natural f i n g e r l i n g  
released a t  other areas i n  Tustunena Lake product ion 

(2,200,000) (17,050,000) 

F inger l i ng  populat ion est imate - Sep 1984 
(23,300,000) 

Age-1 smolts - 1985 Age-2 smolts - 1986 
C12,580,000 o f  which 3,500,000 + [2,223,000 of which 230,000 
(27.8%) hatchery o r ig in1  (11.1%) hatchery o r i g i n ]  

I 
Tota l  smolts 

114,803,000 o f  which 3,730,000 
(25.2% hatchery o r i g i n l  

Age-4 adu l t s  - 1987 + Age-5 adu l t s  - 1988 + Age-6 adu l t s  - 1989 
(496,500) (618,500) (24,000) I 

Tota l  adu l t  r e t u r n  
(1,139,000) 

7.7% surv iva l  from smolt stage 

Figure A5. Production of sockeye salmon in Tustumena Lake by l i f e -  
history stage fo r  brood year 1983. 



hatchery egg takes 
(11,141) 

I 
Tota l  eggs 

Hatchery f i n g e r l i n g s  Hatchery f i n g e r l i n g s  released Natural f i n g e r l i n g  
released a t  other areas i n  Tustunena Lake product ion 

(2,100,000) (16,393,227) 

F inger l i ng  populat ion estimate - Sep 1985 
(28,300,000) 

Age-1 smolts - 1986 Age-2 smolts - 1987 
[5,268,000 o f  which 1,620,000 + 13,540,000 o f  which 1,100,000 
(30.2%) hatchery o r i g i n ]  (31.3%) hatchery o r ig in1  

~ o t a l  smolts 
[8,808,000 o f  which 2,720,000 

(30.9% hatchery o r i g i n l  

Age-4 adu l t s  - 1988 + Age-5 adu l t s  - 1989 Age-6 adu l t s  - 1990 
(451,500) (295,500) + (60,500) 

I 
Tota l  adu l t  re tu rn  

(807,500) 
9.2% surv iva l  from smolt stage 

F i g u r e  A6. P r o d u c t i o n  o f  sockeye salmon i n  Tustumena Lake by  l i f e -  
h i s t o r y  s t a g e  f o r  b r o o d  y e a r  1984. 



Total adults i n  brood year 1985 
(505,049) 

Adults used f o r  \ Natural spawners 
hatchery egg takes (493,769) 

(11,280) I 

Total eggs 
(23,700,000) 

Hatchery f i nge r l i ngs  Hatchery f inger l ings  released Natural f i n g e r l i n g  
released a t  other  areas i n  Tustunena Lake production 

(3,866,000) (13,562,000) 

F inger l ing populat ion estimate - Sep 1986 
(16,500,000) 

Age-1 smolts - 1987 Age-2 smolts - 1988 
[1,074,000 o f  which 640,000 + 12,549,000 of  which 430,000 
(59.2%) hatchery o r ig in1  (17.0%) hatchery o r ig in1  

~ o t a l  smolts 
13,623,000 of  which 1,070,000 

(29.5% hatchery o r i g i n l  

I Age-4 adu l ts  - 1989 + Age-5 adul ts  - 1990 + Age-6 adu l ts  - 1991 
(252,500) (263,000) (38,000) 

Total adul t  re tu rn  
(553,500) 

15.3% surv iva l  from smolt stage 

F i g u r e  A7.  P r o d u c t i o n  o f  sockeye salmon i n  Tustumena Lake b y  l i f e -  
h i s t o r y  s t a g e  f o r  b rood  y e a r  1985. 
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/ 
Total adul ts  i n  brood year 1986 

(275,963) 

Adults used f o r  \ Natural spawners 
hatchery egg takes (264,011) 

(11,952) 

I 
Total eggs 

(22,200,000) 

Hatchery f i nge r l i ngs  Hatchery f i nge r l i ngs  released Natural f i nge r l i ng  
released a t  other areas i n  Tustunena Lake production 

(4,598,600) (15,202,000) 

F inger l ing  populat ion est imate - Sep 1987 
(13,200,000) 

Age-1 smolts - 1988 Age-2 smoits - 1989 
[2,056,000 o f  which 1,070,000 + [3,009,000 o f  which 310,000 
(52.0%) hatchery o r ig in1  (10.3%) hatchery o r ig in1  

Tota l  smolts 
15,065,000 of  which 1,380,000 

(27.3% hatchery o r i g i n l  

I 
Age-4 adu l ts  - 1990 + Age-5 adu l ts  - 1991 + Age-6 adu l ts  - 1992 I 1 (160,600) (407,500) (N.A. ) 

Total adui t .  r e t u rn  (so f a r )  
(568,000) 

11.2% surv iva l  from smoit stage 

Figure  A8. Product ion o f  sockeye salmon i n  Tustumena Lake by l i f e -  
h i s t o r y  s t a g e  f o r  brood y e a r  1986. 



Total adults i n  brood year 1987 

/ 
(249,246) 

Adults used fo r  \ Natural spawners 
hatchery egg takes (238,761) 

(10,485) 

Total eggs 
(15,783,000) 

h 
Hatchery f inger l ings Hatchery f inger l ings released Natural f inger l ing  
released a t  other areas i n  Tustunena Lake production 

(8,433,000) (6,272,000) 

Fingerl ing population estimate - Sep 1988 
(15.100.000) 

Age-I smolts - 1989 
[3,109,000 of which 940,000 
(30.2%) hatchery o r i g i n l  

Age-2 smolts - 1990 
[3,521,000 o f  which 110,000 

(3.1%) hatchery o r i g in l  

Total smolts 
t6,630,000 of which 1,050,000 

(15.8% hatchery o r i g in l  

Age-4 adults - 1991 Age-5 adults - 1992 Age-6 adults - 1993 
(206,500) + (N.A.) + (N.A. ) 

- 

Total adult return (so fa r )  
(206,500) 

3.1% survival from smolt stage 

Figur A9. Production of sockeye salmon in Tustumena Lake by life- 
history stage for brood year 1987. 
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